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Magnesium composites containing as-received and ball milled (B) Al particles 
were synthesized through powder metallurgy route using microwave assisted rapid 
sintering technique followed by hot extrusion. Microstructural characterizations 
revealed fairly uniform distribution of both as-received and ball milled (up to 1.626 
vol. %) Al particles in the matrix and reduction in average matrix grain size. Compared 
to monolithic Mg, Mg/Al and Mg/Al (B) composites exhibited significantly higher 
strengths and failure strains. The results revealed that tensile strength and failure strain 
(up to 1.626 vol. % Al) of composites containing ball milled Al particles remained 
higher compared to composites containing as-received Al particles. Compared to 
monolithic Mg, Mg/1.626Al (B) composite exhibited the best mechanical properties 
improvement with an increase of +78%, +79% and +87%, in 0.2%YS, UTS and failure 
strain, respectively, while for Mg/1.626Al composite, the improvement was +51%, 
+53% and +65%, respectively. The effects of as-received and ball milled Al particles 
contribution on the enhancement of mechanical properties of Mg is investigated in this 
chapter (Chapter 4). 
 
Motivated by simultaneous enhancement in tensile strength and failure strain of 
Mg due to both presence of Al particles and reinforcement ball milling, the effect of 
presence of Al particles and reinforcement ball milling on compressive mechanical 
response of Mg was further investigated. The presence of either as-received or ball 
milled Al particles significantly assisted in improving compressive response of Mg, 
compared to monolithic Mg. However, with a fixed amount of Al, composites 
containing ball milled particles show a higher strength compared to composites 
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of composites was compromised due to presence of Al particles, compared to 
monolithic Mg. Moreover, it remained statistically the same in different formulations 
containing different Al particles content and independent from reinforcement ball 
milling. Among the synthesized composites, Mg/1.626Al (B) exhibited significantly 
higher compressive yield strength (0.2% CYS) and ultimate compressive strength 
(UCS) of (+76 and +87%) compared to monolithic Mg (Chapter 4). 
 
Based on the elaborated efficiency of reinforcement ball milling on the 
mechanical response of Mg, Mg nano-composites containing composite aluminum-
carbon nanotube (Al-CNT) reinforcement (referred to hierarchical nano-composites) 
were synthesized through powder metallurgy route using microwave assisted rapid 
sintering technique followed by hot extrusion. Composite Al-CNT particles comprise 
sub-micron pure aluminium (Al) matrix embedding carbon nanotubes (CNT) within 
itself were obtained from ball milling of Al and CNT. Different composite particles 
were obtained by changing the content of Al while that of CNT was kept fixed at 0.18 
wt. %. Compared to monolithic Mg, microstructural characterizations revealed 
reasonably uniform distribution of Al-CNT particles in the matrix and reduction in 
average matrix grain size in the case of nano-composites. Among the different 
hierarchical formulations, the Mg/1.00Al-0.18CNT nano-composite exhibited the best 
improvement in tensile yield strength (0.2%YS), ultimate tensile strength (UTS), 
tensile failure strain (FS), compressive yield strength (0.2% CYS) and ultimate 
compressive strength (UCS) (up to +38%, +36%, +42%, +36% and +76%, 
respectively) compared to pure Mg, while compressive failure strain was 
compromised. The effect of composite Al-CNT reinforcement integration on the 
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Based on the efficacy of Al-CNT particles on simultaneous enhancement of 
strength and failure strain of Mg, the effect of change in CNT content of composite Al-
CNT particles on the mechanical response of hierarchical Mg/Al-CNT nano-
composites was further investigated. Change in the content of a ball milling constituent 
which is finer and harder can affect the final size and surface energy of Al-CNT 
particles due to inherent nature of ball milling. Accordingly, ball milled Al-CNT 
particles comprising different contents of CNTs coated with fixed amount of Al were 
used for strengthening. Microstructural characterization of these Mg/Al-CNT nano-
composites revealed reasonably uniform distribution of Al-CNT particles up to CNT 
content of 0.30% by weight, significant grain refinement and the presence of minimal 
porosity compared to monolithic Mg. Importantly, for the nominally identical 
processing conditions, the textures of as-extruded nano-composite specimens was 
significantly influenced by the presence of Al-CNT particles. Nano-composite 
configurations exhibited different tensile and compressive response as a function of 
CNT content. Among the different Mg/Al-CNT formulations synthesized, the Mg/Al-
CNT configuration with Al-CNT particles composition of 1.00% Al and 0.30% CNT 
by weight (Mg/1.00Al-0.30CNT) exhibited higher tensile yield strength (0.2% YS), 
ultimate tensile strength (UTS) and failure strain (FS) (up to +72%, +48%, +9%, 
respectively) compared to monolithic Mg (Chapter 6). In terms of compressive 
response, it exhibited the best overall compressive properties compared to the 
monolithic Mg with an improvement of +63% in the compressive yield strength (0.2% 
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Based on the efficacy of composite Al-CNT particles on simultaneous 
enhancement of strength and failure strain of Mg, we decided to replace CNT with 
another nano-particle whose its compatibility with Mg has been established previously. 
We synthesized and investigated the mechanical performance of a hierarchical 
magnesium (Mg) nano-composite with a novel micro-architecture comprising 
reinforcing constituent comprising sub-micron pure aluminium (Al) matrix embedding 
nano-alumina (n-Al2O3) particles within itself. Compared to the monolithic pure Mg, 
the hierarchical composite configurations exhibited significant simultaneous 
enhancement in the strengthening, hardening and failure strain, but also showed a non-
monotonic mechanical performance as a function of amount of Al. Among the 
different hierarchical formulations synthesized, the hierarchical configuration with Al-
Al2O3 composition of 0.972% Al and 0.66% Al2O3 by volume (Mg/0.972Al-
0.66Al2O3) exhibited the best overall mechanical properties compared to the 
monolithic Mg with an improvement of +96% in the 0.2% YS, + 80% in UTS and 
+42% in the failure strain. We identified and quantified some of the strengthening 
mechanisms that may be responsible for the impressive performance of this 
hierarchical nano-composite (Chapter 7). 
 
Motivated by the significant enhancement in mechanical response of 
hierarchical Mg nano-composites due to presence of Al-Al2O3 particles, we 
systematically investigated the influence of the Al2O3 reinforcement size    and 
volume fraction    within the Al-Al2O3 matrix (Al) on the microstructural 
characteristics and the quasi-static tensile and compressive responses. Specifically, 
different Al2O3 sizes and v.f. are adopted within the Al-Al2O3 composite giving rise to 
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exhibit significantly enhanced behaviors in tension and compression over pure Mg. 
The compressive responses exhibited nearly identical strengthening independent of the 
hierarchical configuration. Unlike the compressive behavior, the level of strengthening 
in quasi-static tension varies with hierarchical configuration. This is intriguing because 
the size-dependent contributions from Mg grain size and Al-Al2O3 size are expected to 
be nearly the same in the hierarchical configurations as deduced from microstructural 
characterization. The size-dependent response appears to arise from Al2O3 size and v.f. 
dependent textural variations in the as-extruded composite specimens. The hierarchical 
configurations exhibited stronger prismatic texture and weaker basal texture with 
decreasing size and increasing v.f of Al2O3 within the Al-Al2O3 phase. The underlying 
mechanism is not clearly understood, but we suggest that the Al-Al2O3 features 
produce size-dependent tensile response indirectly by systematically modulating the 
composite textures as a function of the Al-Al2O3 features (Chapter 8). 
 
A total of 11 journals papers and 4 conference papers are derived from this 
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CHAPTER 1:  
Introduction 
1.1 Background 
The development of metal matrix composites (MMCs) has been one of the 
major innovations in materials community over past three decades. Metal matrix 
composites offer several attractive properties over traditional engineering materials due 
to their improved mechanical properties. Having these potentials, these materials 
become interesting for use in many application areas such as automotive, aerospace 
and electrical industries. MMCs can be classified into three main categories with 
respect to the shape of their reinforcements, namely long fiber reinforced composites, 
short fiber reinforced composites and particulate reinforced composites. Among them, 
particulate reinforced metal matrix composites have many advantages over the others 
due to having more isotropic properties and lower production cost. Based on the use of 
particulate reinforcement, many properties have been improved beyond the limits of 
alloying [1, 2].  
Nowadays, the development of metal matrix composites with light metal 
matrices are increasingly paid attention due to their high performance and tailorable 
properties together with weight saving which is a primary requirement in many 
applications such as automotive and aircraft industries in which weight reduction is the 
critical factor. Until recently, aluminum matrix composites are mostly manufactured in 
research and development as well as commercially for numerous industrial 
applications. Magnesium based composites also exhibit comparable mechanical 
properties with aluminum based composites [2]. However, limited research works has 
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magnesium based composites is its high production cost [3]. The demand for price 
reduction favors the development of high performance magnesium based composites 
using innovative cost effective routes. 
Magnesium is an excellent candidate for weight critical structural applications 
because of its impressively low mass density that renders a high specific stiffness and 
strength. It also possesses good dimensional stability, high damping capacity and good 
high temperature creep properties [4-7]. However, Mg and its alloys are elastically and 
plastically softer than most Al alloys, which are popular in protean applications 
ranging from automotive to defense sectors. One way to enhance the strength of Mg is 
to reinforce it with stronger inclusions in the form of particles or fibers, essentially 
giving composite microstructures. However, the end properties of Mg composites are 
governed by a number of factors such as the type of processing, matrix constitution, 
and type, size, v.f. and morphology of the reinforcement, secondary processing and 
heat treatment procedure [8, 9]. Among these, selection of reinforcement compatible 
with the metallic matrix is an important aspect in realizing useful properties of the 
resulting composite. For example, it may be possible to achieve higher strengths with 
increasing reinforcement v.f., but this usually occurs at the cost of the reduced 
ductility. Recent studies indicate that addition of dilute v.f. of nano-sized 
reinforcements such as alumina (Al2O3) [10-13], Yttria (Y2O3) [14, 15] silicon carbide 
(SiC) [16, 17] and carbon nanotubes (CNT) [18] leads to a simultaneous increase in 
the strength and ductility of Mg composites compared to monolithic Mg. This has been 
attributed to so-called non-continuum size effects that occur due to the enhanced 
interactions between the inclusions and dislocations [7, 8, 10, 19]. In a novel attempt, 
Zhong et al. [20] reported an enhancement in the strengthening and ductility of pure 
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reinforcement using powder metallurgy approach. They observed that increasing the n-
Al v.f. systematically increased both the strength and ductility, however, beyond a 
critical v.f. both these properties may be compromised. This is also true for Mg 
composites endowed with stiff and elastic ceramic reinforcements [10, 19].  
Motivated by the significant enhancements in the mechanical response of Mg 
achieved through protean types of nano-scaled reinforcements, we ask: what if the 
stiff, elastic inclusions are judiciously integrated into a compatible softer, sub-micron 
metallic reinforcement, and embed that within the Mg matrix? The resulting composite 
would possess an inherently hierarchical microstructure that involves multiple 
constituents at different length-scales, a concept found in abundance in natural 
microstructures (e.g. nacre in abalone shell). The degrees of freedom in such a design 
may provide an exciting route toward engineering the behavior of Mg composites. To 
illustrate the efficacy of the proposed microstructure and to enable interpreting the 
experimental observations, we choose nominally pure forms of Mg, Al, CNT and 
Al2O3 as model constituents. However, as the start point, we tried to establish the 
efficacy of reinforcement ball milling on mechanical response of Mg and then we used 
that for composite reinforcement preparation. 
 
1.2 Objectives 
The aims of this project are summarized as follow: 
 
1. To investigate the effect of reinforcement ball milling on the enhanced 
mechanical response of magnesium. 
2. To synthesize and develop magnesium composites and nano-composites 
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3. To characterize microwave sintered magnesium composites and nano-
composites in terms of physical, mechanical and microstructural properties. 
4. To determine the effect of existed microstructural degree of freedom in 
synthesized hierarchical nano-composites on enhanced mechanical response. 
 
1.3 Scope 
The scope of the current PhD thesis includes: 
 
1. Literature survey on background of particulate reinforced metal matrix 
composites, different metal matrix composites and their fabrication methods. 
2. Experimental procedures and characterization of synthesized materials. 
3. Results and discussion: synthesis of Mg composites using as-received and ball 
milled (B) Al particles (Chapter 4). 
4. Results and discussion: synthesis of hierarchical Mg nano-composites 
reinforced with composite Al-CNT particles (Chapter 5). 
5. Results and discussion: synthesis of hierarchical Mg nano-composites 
reinforced with composite Al-CNT particles with different CNT contents 
(Chapter 6). 
6. Results and discussion: synthesis of hierarchical Mg nano-composites 
reinforced with composite Al-Al2O3 particles (Chapter 7). 
7. Results and discussion: synthesis of hierarchical Mg nano-composites 
reinforced with composite Al-Al2O3 particles with different Al2O3 contents and 
length scales (Chapter 8). 
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CHAPTER 2:  
Literature Survey 
2.1 Overview 
Composites have been recognized as superior alternative to other traditional 
materials. Considering innovative technologies and development of various processing 
techniques, composites have been attractive candidates with improved properties in 
materials community. The use of composite materials has been increasing in 
engineering applications. A composite material is a mixture of two or more materials, 
which have been unified together at a scale that is sufficiently fine so that the results 
can be considered as a material with unique properties [1]. Generally, composite 
consists of reinforcing materials intimately bonded to another material called the 
matrix. Depending on the base matrix materials, there are three types of composite 
materials namely, metal matrix composites (MMCs), ceramic matrix composites 
(CMCs) and polymer matrix composites (PMCs). Among the composite materials, 
MMCs are of great interest. Depending on the form of reinforcing phase, different 
types of MMCs were developed. Particulate reinforced metal matrix composites 
(PMMCs) are one type of MMCs which generally combine ductile matrix with hard 
ceramic or metallic particles of different sizes and shapes. Research on MMCs was 
primarily introduced with continues fiber reinforced metal matrix composites. The 
greatest improvement in mechanical properties was obtained from these composites 
and they were commercially manufactured for a few applications, especially in 
aerospace industry. However, due to being anisotropic and having complicated and 
expensive processing route, particulate reinforced metal matrix composites were paid 




Development of Futuristic Magnesium Based Composites     By. Meisam Kouhi Habibi 
 
8 
advantages of particulate reinforced metal matrix composites include low cost of 
reinforced particulates, simple and low cost production process and isotropic 
properties. PMMCs can involve particles size ranging from around 10 nm to 1500 nm 
and above. However, use of particles smaller than 100 nm in matrix was expected to 
give excellent properties of PMMCs. 
Various processing routes have been used to manufacture PMMCs, especially 
several casting and powder metallurgy methods are mostly used [1]. Powder 
metallurgy route is one of the attractive and appropriate processing route for 
production of PMMCs. However, fabrication procedures are relatively complex and 
the resultant products are also comparatively expensive. 
 
2.2 Different Types of Metal Matrix Composites (MMCs) 
Based on the matrix material, metal matrix composites are different. Among 
the MMCs, aluminum, titanium and magnesium based composites are most common. 
 
2.2.1 Aluminum Matrix Composites (Al-MMCs) 
In most of the metal matrix composites materials, aluminum and aluminum 
alloys are used as matrices. Light weight of aluminum makes it a good candidate to be 
used as the matrix for many applications of metal matrix composites. Compared to 
other metals such as magnesium and titanium, aluminum is relatively cheap. 
Aluminum matrix composites can be fabricated traditionally using either liquid state 
processes, particularly various casting methods or powder metallurgical methods. The 
most common used particulate reinforcement in aluminum matrix is silicon carbide 
(SiC) [3] and alumina (Al2O3) [4]. The addition of these readily available and 




Development of Futuristic Magnesium Based Composites     By. Meisam Kouhi Habibi 
 
9 
strength of composites. Currently, aluminum based metal matrix composites have been 
practically used in the areas of traffic engineering. To fulfill multiple engineering 
requirements, research on Al-MMCs is still growing [5]. 
 
2.2.2 Magnesium Matrix Composites (Mg-MMCs) 
Magnesium is an excellent candidate for weight critical structural applications 
because of its impressively low mass density that renders high specific stiffness and 
strength. It also possesses good dimensional stability, high damping capacity and good 
high temperature creep properties [6-9]. However, Mg and its alloys are elastically and 
plastically softer than most Al alloys, which are popular in protean applications 
ranging from automotive to defense sectors. One way to enhance the strength of Mg is 
to reinforce it with stronger inclusions in the form of particles or fibers, essentially 
giving composite microstructures. At present, magnesium based metal matrix 
composites (Mg-MMCs) have been developed as an alternative to aluminum based 
composites for various light weight structural applications since they have comparable 
mechanical properties with aluminum based composites. However, compared to Al-
MMCs, research efforts on Mg-MMCs is much lower. Mg-MMCs can be produced by 
both casting methods and powder metallurgy methods. SiC [10], Al2O3 [11] and B4C 
[12] are the most commonly used reinforcements. With a proper selection of materials 
compositions and fabrication methods, mechanical properties of Mg-MMCs can be 
achieved that is equal or even better than those of Al-MMCs [2, 13]. 
 
2.2.3 Titanium Matrix Composites (Ti-MMCs) 
Compared to aluminum and magnesium, titanium has higher density. However, 
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alloys possess better high temperature properties, corrosion and oxidation resistance. 
Especially for the aerospace applications, weight saving, good stiffness and strength at 
high temperature are the most essential and desired properties. Thus, titanium is the 
only light structural metal which beside aluminum is important for aerospace 
applications. Different methods including powder metallurgy and in situ reactions are 
introduced for Ti-MMCs fabrication. However, synthesis of these composites involves 
some difficulties which are related to high reactivity of matrix. Due to reaction 
between the matrix and the reinforcement at high temperature, use of coating for the 
reinforcement is inevitable. This situation will be more severe in the case of 
discontinues reinforcement. Due to high price of titanium, complicated and costly 
fabrication methods due to reinforcements coating, Ti-MMCs are rarely used in 
common engineering applications. Currently, research has focused on developing new 
methods to reduce the matrix/reinforcement interface reactions [2].  
 
2.3 Production Methods for MMCs 
There are different processing techniques to produce metal matrix composites. 
One of the significance in processing of composites is to produce materials with 
homogeneously distributed reinforcement phase, essential for achieving optimum 
mechanical properties. So far, the processing route can be classified into three 
categories, namely liquid phase processes; solid phase process; and two phases (solid-
liquid) processes. 
 
2.3.1 Liquid Phase Processes 
Availability of production of composite materials with various shapes and 
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processes. However, occasionally some problem arises due to wetting behavior of 
matrix and reinforcements. Stir casting and melt infiltration are the two main processes 
to manufacture the metal matrix composites based on liquid phase processes.  
Stir casting of MMCs involves melting of selected metal matrix followed by 
the introduction of reinforcement into the melt. Suitable distribution of reinforcing 
phase is usually achieved through mechanical stirring. The addition of reinforcements 
to the molten metal can cause the increase in viscosity of the melt and this is a 
common problem in stir casting processes. This may lead to inhomogeneous 
distribution or agglomeration of reinforcements. Interfacial reaction due to prolonged 
liquid-reinforcement contact during casting is another problem which is associated to 
this type of processing. Stir casting is the popular method in the production of MMCs 
due to the fact that it is economical and has the ability of large quantity production. 
Stir casting can produce composites containing high volume fraction of reinforcements 
up to 30% [1].  
In melt infiltration process, the reinforcement is made into porous perform. The 
molten metal is injected into the reinforcement perform to infiltrate the metal into the 
open pores of the reinforcement to form a composite. Infiltration can be performed by 
using either gas or mechanical devices such as piston as a pressurizing medium. 
Controlling the pressure is one of the main parameters of this method. This process can 
produce composites with high volume fraction of reinforcement although it has some 
disadvantages such as reinforcement damage, microstructural coarsening and 
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2.3.2 Solid Phase Processes 
Minimizing the interfacial reaction between the matrix and reinforcements and 
ability of using reactive materials such as titanium as the matrix are some of the 
advantages of solid phase processing compared to liquid phase processing. Powder 
metallurgy, mechanical alloying and in-situ synthesis are the main categories of solid 
phase processing. 
Powder metallurgy method is one of the conventional and well established 
methods used for the production of metal matrix composites, especially particulate 
reinforced metal matrix composites. In this method, matrix materials and 
reinforcement are blended prior to consolidation which includes compaction and 
sintering. For conventional sintering, heat is supplied by using some electrical furnace. 
The compacted powder mixture is sintered under a controlled atmosphere or vacuum. 
Capability of using almost any type of reinforcement and possibility of using high 
volume fraction of reinforcement are some of the advantages of PM method. PM 
products usually achieve higher overall strength when compared to the products 
processed by solidification methods although ductility is reduced [6]. Nowadays, 
conventional sintering has been replaced by the microwave sintering. Microwave 
sintering can realize the sintering temperature in a short time, thus saving on cost and 
energy. 
 
2.3.2.1 Microwave Heating 
The development of microwave technology began in 1940 and was used in 
radar system for military purpose during the Second World War. In 1947, the first 
commercial microwave oven operating at 2.45 GHz for heating food was introduced 
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expanded for the processing of materials like ceramics and polymer [16]. Recently, 
research on microwave processing of metal based materials was established [17-19]. 
There are two types of microwave cavities, single mode resonance cavities and 
multimode resonance cavities. Single mode cavities are especially designed and 
generally used for industrial applications. The domestic microwave ovens are 
multimode cavities in which plane waves impinges on the load (material to be heated) 
from a variety of directions. The characteristic of microwave heating is fundamentally 
different from that of conventional heating. In conventional heating method, heat is 
transferred to the materials by different ways such as conduction, convection and 
radiation. The most common method of conventional heating is resistant heating in 
which heat is radiated onto the material being processed. In a typical resistance heating 
furnace, the direction of heating is from outside to inside of the powder compact, while 
for microwaves the direction of heating is from inside to outside of the powder 
compact [20]. The former results in the poor microstructural characteristics of the core 
of the powder compact while the latter results in poor microstructural characteristics of 
the surface [20]. However, two-directional microwave assisted rapid sintering 
technique which is our synthesis route here eliminates the drawbacks of these two 
conventional methods and can be done in a relatively much shorter period of time. In 
the two directional technique, the heat flow is both from outside to inside (through 
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2.3.3 Two Phase (Solid-Liquid) Processes 
Among two phase processes, spray deposition is one of the promising 
candidates in production of MMCs achieving reasonable cost-performance relationship 
[1, 6]. 
Spray deposition process was primarily used to build up unreinforced metallic 
materials. It involves atomization of a stream of melt and deposition of the semisolid 
droplets onto a substrate. This process is adapted for the fabrication of metal matrix 
composites where ceramic reinforcements are injected into the spray and a composite 
is formed by deposition of the droplets and reinforcements together. Minimal 
interfacial reaction between the melt and the reinforcement due to short contact time, 
rapid solidification of composite and moderate production cost are the main 
advantages of this processing method. 
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CHAPTER 3:  
Materials and Experimental Procedures 
3.1 Overview 
The main scope of the current research is to develop and characterize 
hierarchical nano-composites using an innovative processing method. In this study, 
powder metallurgy method, one of the solid state processing methods was selected to 
synthesize the composite formulations. According to the powder metallurgy route, 
blending, compaction and sintering were sequentially done followed by hot extrusion. 
Cost effective microwave assisted hybrid sintering technique was also chosen as an 
innovative sintering step. The extruded magnesium and its composite and nano-
composite formulations were characterized in terms of microstructure, physical and 
mechanical properties. The details of processing technique and parameters used in this 
study are explained in the forthcoming sections. 
 
3.2 Materials  
Magnesium powder (Mg) (98.5% purity,          particles size range) 
supplied by Merck (Germany) was used as the matrix material. Alumina powder 
(Al2O3) with different length scales (                         ) supplied by 
Baikowski (Japan), aluminium powder (Al) (       particles size range) supplied 
by Alfa Aesar (USA) and carbon nanotubes (CNT) (vapor grown, 94.7% purity, 
        outer diameter size range) supplied by Nanostructured & Amorphous 
Materials Inc (Texas, USA) were used as the reinforcements.  
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3.3.1 Reinforcement Preparation 
In order to prepare ball milled or composite reinforcement, 0.30 wt. % stearic 
acid was used as the process control agent (PCA). In the first stage, as-received 
powders were blended with stearic acid for 1 hour using RETSCH PM-400 mechanical 
alloying machine. In the second stage, steel balls were added and the blended mixture 
was ball milled for 2 hours. Ball to powder ratio was kept at 20:1 and the ball milling 
speed was set at 200 rpm during both blending and ball milling steps. For the 
preparation of Mg matrix composites, no steel balls were used during blending as 
explained in the next paragraph. 
 
3.3.2 Primary Processing 
The Mg composites and nano-composites were synthesized using the powder 
metallurgy technique. The synthesis process involved blending pure Mg powder with 
the reinforcement in a RETSCH PM-400 mechanical alloying machine at 200 rpm for 
60 minutes. The blended powder mixture was compacted at a pressure of 97 bar (load: 
50 tons) to billets (40 mm height, 35 mm diameter) using a 100-ton press. The 
compacted billets were sintered using hybrid microwave assisted two-directional 
sintering technique (see Figure 3.1). The billets were heated for 13 minutes to a 
temperature near the melting point of Mg in a 900W, 2.45 GHz SHARP microwave 
oven using colloidal graphite as an oxidation barrier layer. During the material 
synthesis, before microwave sintering, the compacted billets were covered with 
colloidal graphite as an oxidation barrier layer. It is commonly known that graphite is a 
very strong microwave absorber and gets heated due to absorption of microwaves. In 
such a case, the material billets will be heated through radiation just as in a 
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conventional furnace and not directly by microwaves. However, this is not valid in the 
case of materials which are coated with a very thin layer of graphite. Absence of 
surface melting and pitting confirmed that graphite layer did not participate in the 
microwave assisted heating in the present study.  
 
3.3.3 Secondary Processing 
The sintered billets of monolithic Mg alongside its composites and nano-
composites counterparts were hot extruded at a temperature of       with an 
extrusion ratio of 26:1 using 150-ton hydraulic press. Before extrusion, the billets were 
coated with colloidal graphite and soaked at      for 1 h. Final diameter of the rods 
obtained after the extrusion was 7mm. All the characterization studies were done on 5 
to 6 randomly selected samples taken from the extruded rods. 
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3.4 Particle Size Measurements 
The size of as-received and ball milled particles were measured, respectively 
using Coulter, LS100Q and Marnern Zeta Sizer analyzers to reveal the effect of ball 
milling on particles size. 
 
3.5 Density and Porosity Measurements 
Density measurements were conducted on the extruded polished samples to 
estimate the volume fraction of porosity in the synthesized materials. The densities of 
extruded materials were determined using Archimedes principle [1, 2]. The samples 
were polished and cleaned with alcohol to remove all possible contaminations prior to 
weighing. Three samples were randomly selected from extruded rods and were 
weighed in air. The samples were then immersed in distilled water and were weighed 
using an A&D ER-182A electronic balance with an accuracy of        . 
Theoretical densities of the samples were calculated using rule of mixture assuming no 
matrix-reinforcement interfacial reaction. The theoretical densities used in calculating 
the overall nano-composite density are: 1.74 g/cc (Mg), 2.699 g/cc (Al), 3.98 g/cc 
(Al2O3) and 2.25 g/cc (CNT).  
 
3.6 Microstructural Characterizations 
Microstructural characterization studies were conducted on polished samples of 
monolithic Mg and its composite and nano-composites counterparts to determine grain 
size, grain morphology, and distribution of reinforcements. Hitachi FE-4300 Field 
Emission Scanning Electron Microscope (FESEM) equipped with Energy Dispersive 
X-Ray Spectroscopy (EDS), Olympus metallographic optical microscope and Scion 
image analysis software were used for this purpose. 
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3.7 X-Ray Diffraction Analysis 
X-ray diffraction analysis was carried out on the polished samples of 
monolithic Mg and its composite and nano-composite counterparts using an automated 
Shimadzu LAB-X XRD-6000 diffractometer to determine the possible phases. The 
samples were exposed to      radiation (           ) at a scanning speed of 2 
deg/min. 
 
3.8 Texture Measurements 
Texture measurements were carried out by measuring complete pole figures 
using a D8, Discover, Bruker diffractometer with copper    radiation. The pole figures 
      ̅    and           were measured with complete circle over the rotation angle 
            and with fixed tilt angles   over a range between    and     with 
increments of        and      , respectively. 
 
3.9 Mechanical Properties Characterizations 
3.9.1 Microhardness Measurements 
Microhardness measurements were made on the polished samples of extruded 
monolithic Mg and its composite and nano-composite counterparts using a Matsuzawa 
MXT 50 automatic digital microhardness tester. The microhardness tests were 
performed using a Vickers indenter under a test load of 25 gf and a dwell time of 15s 
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3.9.2 Quasi-static Mechanical Testing 
Regarding the tension test, smooth bar tensile properties of the monolithic Mg 
alongside its composite and nano-composite counterparts were determined based on 
ASTM E8M-05. Round tension test samples of 5 mm diameter and 25 mm gauge 
length were subjected to tension using an automated servo hydraulic testing machine 
(MTS 810) with a crosshead speed set at 0.254 mm min
-1 
giving a nominal strain rate 
of             . A clip-on type extensometer was used for strain recording.  
Regarding the compression test, cylindrical monolithic Mg alongside its 
composite and nano-composite counterparts were tested according to ASTM E9-89a 
using an automated servo hydraulic testing machine (MTS 810) with a crosshead speed 
set at 0.04 mm/min giving the nominal strain rate of        . Extruded rod of 7 mm 
diameter was cut into 7 mm length samples for compression tests to provide the aspect 
ratio (l/d) of 1.0. The compression load was applied parallel to the extrusion direction. 
Teflon tape was placed between the contacting surfaces of the specimen and machine 
steel platen for lubrication (to avoid barreling). 
 
3.9.3 Dynamic Mechanical Testing 
Dynamic room temperature tensile and compressive tests were performed on 
monolithic Mg alongside some of its selective composite and nano-composite 
counterparts with Split Hopkinson Pressure Bar (SHPB) apparatus (see Figure 3.2) 
with an average nominal strain rate of         . Regarding the tensile test, the input 
and output bars were made of high strength steel. A metal block was connected to one 
end of the input bar via a fracture piece made of monolithic Mg or its composite or 
nano-composite counterparts. A tubular striker was used to strike the metal block 
connected to the fracture piece. By this mean, the fracture piece was stretched and 
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made to generate a tensile pulse in the input bar. The input pulse duration was 
primarily determined by the length and fracture strain of the fracture piece, as well as 
the velocity of the striker. Since, the fracture strain was constant, increasing the length 
of the fracture piece and decreasing the impact velocity of the striker resulted in an 
increase in the input pulse duration. Regarding the compressive test, the samples were 
impacted in their axial directions under the gas gun pressures (10 bars). The cylindrical 
specimens were 7mm in diameter and with a (l/d) ratio of 0.6 in accordance with 
standard practices for metallic specimens in the Kolsky bar tests. The striker bar 
produces a constant amplitude elastic compressive wave in the incident bar. The wave 
propagates down the bar to the bar/specimen interface where it is partly reflected back 
into the incident bar as a tensile pulse and partly transmitted to the transmitter bar as a 
compressive pulse.  
In both tension and compression, the length of striker should be selected so as 
to avoid the superposition of the incident and reflected waves in the input bar. The 
strain gauge attached to the input bar should capture the incident and reflected waves 
without overlap. A pair of 120 Ω (Kyowa KFG-2-120-C1-11) 2 mm axial gauges was 
placed at each position, on opposite sides of the bars. These gauges along with another 
120 Ω dummy gauge for each location were used to complete a full Wheatstone 
bridge. Signals from the bridge were amplified by (Tokyo Sokki DC-92D) dynamic 
signal conditioners and stored on a (Yokogawa DL1540) digital oscilloscope; these 
were subsequently transferred to a computer for data processing. The stress, strain and 
strain rate of each impact were calculated according to the equations below [3], from 
which the stress–strain relationships were obtained. Further details of SHPB testing 
may be found in Ref. 3. 
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Where    is the elastic wave velocity in the bar,    the sample length and    and    
are the sample and bar cross-sectional areas, respectively.       and       are the 
reflected and transmitted strains measured from strain gages on the bar, respectively. 
For a specific test, the instantaneous strain rate varied during deformation from zero to 
final or failure strain, and therefore an average strain rate was calculated as:  
 






   (4) 
 
where    is the maximum or failure strain. The maximum temperature increase arising 
from the almost adiabatic conditions of the testing procedures is in the range of 
      and does not influence the reported results [3]. 
 
3.10 Fractography 
Fracture surface studies were carried out on the fractured specimens of 
monolithic Mg alongside its composites and nano-composites counterparts to provide 
an insight into the various possible fracture mechanisms during the loading. 
Fractography was performed on the tensile and compressive fracture surfaces using 
Hitachi FE-4300 FESEM. 
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Figure 3.2. Schematic representation of: (a) tensile and (b) compressive Split Hopkinson Pressure 
Bar (SHPB) apparatus. 
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Results and Discussions 
Synthesis of Mg Composites using As-Received and Ball 
Milled Al (B) Particles 
4.1 Processing 
Monolithic Mg and Mg composites containing either as-received or ball milled 
(B) Al particles were synthesized using powder metallurgy route incorporating 
microwave assisted rapid sintering technique followed by hot extrusion. The results of 
microstructural, physical and mechanical properties of synthesized materials are shown 
in details in the following sections.  
 
4.2 Macrostructure 
Macrostructural characterizations conducted on the as-sintered billets revealed 
the absence of macrostructural defects such as circumferential or radial cracks. 
Following extrusion, no observable macro defects were observed on Mg, Mg/Al and 
Mg/Al (B) rods. The outer surface was smooth and free of circumferential cracks. It 
indicates that powder metallurgy route incorporating microwave assisted rapid 
sintering technique and hot extrusion are innately capable of synthesizing monolithic 
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4.3 Particle Size Measurements 
Particle size measurements revealed significant reduction in Al particle size 
range due to ball milling. Al particles size range decreased from 7-15 μm in the case of 
as-received powder to 0.460-0.688 μm in the case of ball milled powder.  
 
4.4 Density Measurements 
The results of density measurement are shown in Table 4.1. The experimental 
and theoretical values of the densities of the composites were found to be almost 
identical. This indicated that near dense Mg/Al and Mg/Al (B) composites can be 
obtained using the fabrication methodology adopted in the present study. Based on 
Table 4.1, it seems that Al ball milling has no significant effect on porosity reduction 
of synthesized composites.  
 













(%) vol. %       wt. % 
Mg -                         - 1.7400 1.7379 ± 0.0050 0.12 
     
Mg/0.323Al 0.323           0.50 1.7430 1.7405 ± 0.0150 0.14 
Mg/0.323Al (B) 0.323           0.50 1.7430 1.7408 ± 0.0020 0.13 
     
Mg/0.972Al 0.972           1.50 1.7490 1.7476 ± 0.0040 0.08 
Mg/0.972Al (B) 0.972           1.50 1.7490 1.7478 ± 0.0030 0.07 
     
Mg/1.626Al 1.626           2.50 1.7555 1.7537 ± 0.0020 0.10 
Mg/1.626Al (B) 1.626           2.50 1.7555 1.7543 ± 0.0050 0.07 
     
Mg/1.95Al 1.95             3.00 1.7580 1.7490 ± 0.0300 0.51 
Mg/1.95Al (B) 1.95             3.00 1.7580 1.7504 ± 0.0020 0.43 
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4.5 Microstructural Characteristics 
Microstructural characterization studies conducted on Mg/Al composite 
samples indicate reasonably uniform distribution of as-received Al particles in the Mg 
matrix while in the case of Mg/Al (B) composites, ball milled Al particles were 
uniformly distributed in the Mg matrix up to 1.626 vol. % (see Figure 4.1). The 
reasonably uniform distribution of as-received and ball milled Al particles, for Al 
content up to 1.626 vol. % (in the case of Mg/Al (B) composite) (Figure 4.1), may be 
attributed to: (a) adequate blending parameters and (b) high extrusion ratio used in 
secondary processing. In theory, homogeneous distribution of reinforcements can be 
obtained, irrespective of the size difference between the matrix powder and the 
reinforcement particles, provided a large deformation load is applied during the 
secondary processing [1]. Minimal standard deviation in density measurement results 
also reflected the uniform distribution of reinforcement in the finally extruded 
materials. However, for last formulation with the most ball milled Al particles content 
(1.95 vol. %), a relatively higher degree of clustering was observed. This may be 
attributed to the conjoint influence of larger amount and higher surface energy of the 
ball milled particles. 
The average Mg grain size of the Mg/Al and Mg/Al (B) composites was found 
to be smaller when compared to that of pure Mg (Table 4.2) suggesting the capability 
of as-received or ball milled Al particles to serve either as nucleation sites or obstacles 
to grain growth during processing. Results further revealed that the extent of grain 
refinement in the case of Mg/Al (B) composites is much higher compared to Mg/Al 
composites (Table 4.2). Near-equiaxed grain morphology was observed for both 
monolithic and composite samples indicating that the aspect ratio of the Mg grains is 
not influenced by addition of either as-received or ball milled Al particles. Results thus 
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reveal that the chosen extrusion temperature was high enough to allow for the 
recrystallization of strain free grains during extrusion [2]. The decrease in grain size of 
Mg/Al and Mg/Al (B) composites with increase in either as-received or ball milled Al 
particles content can be attributed to: (a) ability of Al particles to nucleate Mg grains 
during recrystallization; and (b) restricted growth of Mg grains due to grain boundary 
pinning effect of Al particles. The superior ability of ball milled Al particles to reduce 
the grain size when compared to as-received Al particles can be attributed to their 






Figure 4.1. Representive micrographs showing distribution of as-received and ball milled Al 
particles in the matrix in: (a) Mg/0.972Al; (b) Mg/0.972Al (B); (c) Mg/1.95Al; 
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Table 4.2. Results of grain size, grain morphology and micro hardness of Mg, Mg/Al 
and Mg/Al (B) composites. 
 
Material 
Grain Size  
(μm) 
Aspect Ratio 
Micro Hardness  
(HV) 
Mg 19 ± 4 1.5 ± 0.3 40 ± 1 
    
Mg/0.323Al 15 ± 7 1.6 ± 0.3 45 ± 2 
Mg/0.323Al (B) 11 ± 5 1.6 ± 0.4 50 ± 5 
    
Mg/0.972Al 14 ± 6 1.6 ± 0.3 51 ± 2 
Mg/0.972Al (B) 11 ± 4 1.7 ± 0.4 53 ± 4 
    
Mg/1.626Al 13 ± 4 1.6 ± 0.3 52 ± 3 
Mg/1.626Al (B) 9 ± 3 1.7 ± 0.3 55 ± 4 
    
Mg/1.95Al 11 ± 5 1.6 ± 0.4 52 ± 3 
Mg/1.95Al (B) 9 ± 5 1.7 ± 0.5 55 ± 4 
 
4.6 X-Ray Diffraction Studies 
Figure 4.2 shows the results of the X-ray diffraction (XRD) studies conducted 
on the as-received and ball milled Al particles. The XRD results revealed the absence 
of any second phase formation due to ball milling in the ball milled powder. Moreover, 
it revealed that Al2O3 phase exist partially in both as-received and ball milled Al 
particles. Figure 4.3 shows the results of X-ray diffraction (XRD) studies conducted on 
the monolithic Mg as well as Mg/Al and Mg/Al (B) composites. We note that the XRD 
results of the extruded Mg/Al and Mg/Al (B) composite samples in Figure 4.3 do not 
explicitly show the presence of Al phase. This may be attributed to low Al amount (< 2 
vol. %) inside the composites. However, the presence of Mg2Al3 phase is detected for 
the formulations containing the most amounts (1.95 vol. %) of either as-received or 
ball milled Al particles (see Figure 4.3).  
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Figure 4.2. Representative XRD spectra of as-received and ball milled Al powder. 
 
4.7 Texture analysis 
Texture results are listed in Table 4.3 and shown in Figure 4.4. The dominant 
texture in the transverse and longitudinal directions in the case of monolithic Mg and 
Mg/Al composites up Al content of 0.972 was       ̅   . Further increase in as-
received Al particles content changed the dominant texture to       ̅    and           
in transverse and longitudinal directions, respectively, in the case of Mg/1.626Al 
composite. More addition of as-received Al particles eventually changes the texture to 
      ̅    and       ̅    in transverse and longitudinal directions, respectively in the 
case of Mg/1.95Al composite. However, in the case of composites containing ball 
milled Al particles, the dominant texture in transverse and longitudinal directions were 
      ̅    and       ̅   , respectively. It seems that presence of ball milled Al particles 
has made a significant change in crystallographic texture of Mg compared to 
monolithic Mg by making basal plane orientation parallel to the extrusion direction 
(ED). It is noted that in the case of composites containing as-received Al particles, 
there is no significant change in texture of Mg unless in the case of Mg/1.95Al 
composite containing the most amount of as-received Al particle. 
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Figure 4.3. Representative XRD spectra of sintered and extruded: (a) Mg/Al and (b) 
Mg/Al (B) composites with different Al content along with the response 
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Mg T      ̅    prism 0.96 
           basal 0.66 
       ̅    pyramidal 1.00 
 L      ̅    prism 0.23 
           basal 0.63 
       ̅    pyramidal 1.00 
     
Mg/0.323Al T      ̅    prism 0.39 1.00 
           basal 0.57 0.56 
       ̅    pyramidal 1.00 0.71 
 L      ̅    prism 0.15 0.18 
           basal 0.64 0.70 
       ̅    pyramidal 1.00 1.00 
     
Mg/0.972Al T      ̅    prism 0.21 1.00 
           basal 0.23 0.41 
       ̅    pyramidal 1.00 0.93 
 L      ̅    prism 0.08 0.20 
           basal 0.99 0.41 
       ̅    pyramidal 1.00 1.00 
     
Mg/1.626Al T      ̅    prism 0.63 1.00 
           basal 0.51 0.30 
       ̅    pyramidal 1.00 0.99 
 L      ̅    prism 0.05 0.22 
           basal 1.00 0.34 
       ̅    pyramidal 0.63 1.00 
     
Mg/1.95 Al T      ̅    prism 1.00 1.00 
           basal 0.15 0.16 
       ̅    pyramidal 0.79 0.76 
 L      ̅    prism 0.14 0.17 
           basal 0.94 0.48 
       ̅    pyramidal 1.00 1.00 
 
                                 a
 T: transverse, L: longitudinal. 
                                 b
 Imax is XRD maximum intensity from either prism, basal or pyramidal planes. 
                                 c
 As received Al particles. 
                                 d
 Ball milled Al particles. 
 
 
Results and Discussion 
 
  




Figure 4.4. Schematic diagram showing textures of: monolithic Mg, Mg/Al, and 
Mg/Al (B) composites based on X-ray diffraction. In each case, vertical 
axis is parallel to extrusion direction. Each cell is made up of 2 HCP units 
having 1 common           basal plane. 
 
4.8 Mechanical Behaviour 
4.8.1 Microhardness 
The results of microhardness measurements are listed in Table 4.2. The Mg/Al 
and Mg/Al (B) composites exhibited relatively higher hardness compared to 
monolithic material. Based on Table 4.2, the hardness of Mg/Al (B) composites 
remained higher compared to its Mg/Al counterparts. The increase in composites 
hardness by contribution of either as-received or ball milled Al particles can 
commonly be attributed to (a) reasonably uniform distribution of Al particles in the 
matrix [5]; (b) higher constraint to localized matrix deformation during indentation due 
to the presence of second phases [6, 7] and (c) reduced grain size (see Table 4.2) [8, 9]. 
Higher hardness of Mg/Al (B) composite samples compared to its Mg/Al counterparts 
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can be attributed to smaller average matrix grain size (Table 4.2) and smaller size of 
ball milled Al particles. 
 
4.8.2 Tensile and compressive behaviour 
4.8.2.1 Strength 
Table 4.4 and Figure 4.5 lists and shows the overall results of ambient 
temperature tensile testing of extruded composite rods containing different amounts of 
as-received and ball milled Al particles along with the response of monolithic Mg. The 
Mg/Al and Mg/Al (B) composite samples exhibited significantly higher strength 
compared to monolithic Mg. As evident from Figure 4.5, the tensile yield strength 
(0.2% YS) and ultimate tensile strength (UTS) of composites containing ball milled Al 
particles remained higher compared to composites containing as-received Al particles. 
Among the different Mg composites synthesized, the Mg/1.626Al (B) composite 
shows the best overall improvement over monolithic Mg, with an impressive increase 
of +78 % in the 0.2% YS and +79% in UTS while for the Mg/1.626Al composite there 
was an increase of +51% in 0.2% YS and +53% in UTS. 
Table 4.5 and Figure 4.5 lists and shows the overall results of ambient 
temperature compressive testing of extruded composites rods containing different 
amounts of as-received and ball milled Al particles along with the response of 
monolithic Mg. As evident from the results, there is a significant improvement in 
compressive strength of Mg composites due to presence of either as-received or ball 
milled Al particles when compared to monolithic Mg. However, with a fixed amount 
of Al particles, composites containing ball milled Al particles possess a higher 
compressive strength compared to composites reinforced with as-received Al particles. 
Among the synthesized composites, the Mg/1.626Al (B) composite again exhibited the 
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highest overall compressive response with an increase in 0.2% CYS (+76%) and UCS 
(+88%) compared to monolithic Mg while for the Mg/1.626Al composite there was an 
increase of +65% in 0.2% CYS and +79% in UCS. 
 










Mg 93 ± 01 153 ± 07 7.5 ± 3.4 
    
Mg/0.323Al 123 ± 04 222 ± 08 10.9 ± 0.8 
Mg/0.323Al (B) 159 ± 06 247 ± 07 12.9 ± 0.6 
    
Mg/0.972Al 118 ± 12 217 ± 17 11.1 ± 2.2 
Mg/0.972Al (B) 162 ± 02 253 ± 04 11.9 ± 2.5 
    
Mg/1.626Al 140 ± 06 234 ± 11 12.9 ± 1.8 
Mg/1.626Al (B) 166 ± 06 273 ± 02 14.8 ± 0.9 
    
Mg/1.95Al 137 ± 13 251 ± 07 12.1 ± 2.5 
Mg/1.95Al (B) 161 ± 09 259 ± 04 9.2 ± 2.6 
 
The increase in either tensile or compressive strength due to presence of Al 
particles compared to pure Mg can be attributed to: (a) reduction in average matrix 
grain size [10-12]; (b) Orowan strengthening (in the case of Mg/Al (B) composites) 
[13]; (c) effective load transfer from the matrix to the reinforcement [14, 15]; (d) 
dislocation generation due to modulus mismatch and coefficient of thermal expansion 
mismatch between the Mg matrix (           
                     and Al 
particles (            
               ) [14, 16, 17], and (e) 
crystallographic texture [17].  
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Figure 4.5. Mechanical response of Mg with as-received and ball milled Al: (a) 0.2%YS; (b) ultimate 
strength; and (c) failure strain. 
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Mg 91 ± 03 239 ± 11 19.8 ± 1.7 
    
Mg/0.323Al 115 ± 06 320 ± 01 13.3 ± 0.5 
Mg/0.323Al(B) 116 ± 08 317 ± 05 14.2 ± 2.0 
    
Mg/0.972Al 134 ± 09 386 ± 10 12.7 ± 1.1 
Mg/0.972Al(B) 156 ± 05 424 ± 05 12.6 ± 1.2 
    
Mg/1.626Al 150 ± 03 429 ± 08 13.6 ± 0.7 
Mg/1.626Al(B) 160 ± 05 448 ± 12 13.0 ± 0.6 
    
Mg/1.95Al 147 ± 09 431 ± 07 14.1 ± 1.3 
Mg/1.95Al(B) 157 ± 06 463 ± 16 13.0 ± 0.8 
 
Regarding (a), the strengthening of composites from grain size reduction 
fundamentally comes from the mutual disturbance of slip among the grains. Here, the 
motion of dislocations across the grain boundary is impeded and the yield stress can be 
estimated by the Hall-Petch equation [13]. As evident from Table 4.2, due to having 
smaller average matrix grain size, the contribution of grain size strengthening 
mechanism in the case of Mg/Al (B) composites is much higher. This may partly 
justify the observed increased strength of Mg/Al (B) composites compared to its 
Mg/Al counterparts. 
Regarding (b), a dislocation line is known to loop around a particle in the way 
of its advancement, provided the particle is sufficiently formed and has an atomically 
non-coherent interface with the matrix. However, this kind of strengthening 
mechanism is valid in the case of composites containing sub-micron or nano-sized 
reinforcement. Considering the given Al particle size (7-15 μm in the case of as-
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received powder and 0.460-0.688 μm in the case of ball milled powder.), it seems that 
Orowan strengthening has minimal or no contribution in strengthening of Mg/Al 
composites, while it can be regarded as a significant strengthening mechanism in the 
case of Mg/Al (B) composites [13].  
Regarding (c), the load sharing occurs between the comparatively softer Mg 
matrix to the relatively harder Al particles leading to strengthening. This depends on 
two important parameters, namely, the interfacial bonding between the reinforcement 
and matrix, and the v.f. of the reinforcement phase. It is expected that good interfacial 
bonding exists between Mg and Al particles. Moreover, it has been established that a 
low melting point metal is capable to wet the high melting point metal [18]. Therefore, 
this should assist the load sharing. However, the second aspect, which is crucial, is the 
amount of the Al particles. Given its dilute fraction in all the synthesized composites, 
the v.f. effect may play only minor, if any, role in contributing to the overall strength 
of Mg/Al and Mg/Al (B) composite. Moreover, it could not be responsible for the 
observed difference in mechanical response of composites aroused due to 
reinforcement ball milling. 
Regarding (d), the CTE and modulus mismatch between the Mg and Al 
particles contributes to an increase in dislocations around the interfacial region 
between the matrix and the particles thus strengthening the material [7]. Similar to 
previous load transfer mechanism, this mechanism also is just could be responsible for 
the enhancement of mechanical properties due to presence of Al particles and cannot 
be responsible for the observed difference in mechanical response of Mg/Al and 
Mg/Al (B) composites. 
Regarding factor (e), crystallographic texture based on basal           plane 
and pyramidal       ̅     plane orientations may contribute to strengthening in Mg/Al 
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and Mg/Al (B) composites. Considering the limited slip system activation in the HCP 
unit cell based structure of the Mg matrix at room temperature, it is hypothetical that 
the enhancement in tensile and compressive strength occurred partly due to the 
crystallographic texture difference between the synthesized composites and monolithic 
material. Regarding slip, for these       ̅    and           dominant textures, in the 
case of Mg/Al (B) composites, basal slip is made most difficult due to a low resolved 
shear stress (RSS) for slip based on the zero angle between the           basal plane 
and the vertical axis as shown in Figure 4.4. As evident from Figure 4.4, basal slip in 
the case of monolithic Mg and all Mg/Al composites due to non-zero angle between 
the           basal plane and the vertical axis is much easier. Regarding twinning, the 
pyramidal       ̅     plane is the desired plane for tension twinning in Mg. 
Considering the X-ray diffraction from crystallographic planes parallel or near-parallel 
(    ) [19, 20] to the plane containing the direction vector, the reorientation of 
pyramidal planes in Mg/Al (B) composites, compared to monolithic Mg and Mg/Al 
composites makes, the occurrence of tension twinning during compression testing 
more difficult (see Figure 4.4). Based on the given evidence and explanations, 
crystallographic texture due to complication in basal slip and twinning may be 
responsible for not only enhanced compressive response of synthesized composites 
compared to monolithic Mg, but also for the observed strength difference between 
Mg/Al and Mg/Al (B) composites.  
The contribution of the various strengthening mechanisms (factor (a) to (e)) 
and the consequent synergetic combination of either as-received or ball milled Al 
particles and monolithic Mg account for the improvement in strength of Mg/Al and 
Mg/Al (B) composites compared to monolithic Mg. However, among the listed 
strengthening mechanisms, Orowan strengthening, grain refinement caused by the 
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presence of either as-received or ball milled Al particles and crystallographic texture 
based on           basal plane and       ̅     pyramidal plane orientations, are mainly 
responsible for the observed strength difference between Mg/Al and Mg/Al (B) 
composites.  
 
4.8.2.2 Failure Strain 
The tensile failure strain of monolithic Mg, Mg/Al and Mg/Al (B) composites 
are listed in Table 4.4 and are shown in Figure 4.5. Failure strain increased due to 
presence of both as-received and ball milled Al particles. The failure strain increase in 
Mg/Al and Mg/Al (B) composites compared to pure Mg can be attributed to: (1) 
presence and reasonably uniform distribution of Al particles (Figure 4.1) [21]; (2) 
grain refinement [22] (see Table 4.2), and (3) activation of a non-basal slip systems 
due to presence of Al particles (see Figure 4.4) [23]. However, the failure strain 
increase by Al particles content is not monotonic in the case of Mg/Al (B) composites. 
The failure strain increase was maximum with ball milled Al particles at 1.626 vol. %. 
Further increase in ball milled Al particles content led to a sudden drop in failure strain 
in the case of Mg/1.95Al (B) which can be attributed to: (1) reinforcement clustering 
due to high surface energy of ball milled Al particles associated to their large surface 
area (Figure 4.1 (d)); (2) noticeable formation of Mg2Al3 intermetallic phase (Figure 
4.3 (b)); and (3) formation of micro cracks under tensile loading (Figure 4.6 (c)). 
Figure 4.5 reveals that Mg/Al (B) composites show higher tensile failure strain 
compared to their Mg/Al counterparts up to Al amount of 1.626 vol. %. The observed 
higher failure strain in the case of composites reinforced with ball milled Al particles 
compared to composites containing as-received Al particles can be attributed to: (1) 
smaller average matrix grain size (see Table 4.2); (2) uniform distribution of small ball 
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milled Al particles (see Figure 4.1); and (3) different extent of non-basal slip activation 
(see Figure 4.4). The presence of smaller Al particles with a length scale one order of 
magnitude smaller may lead to delocalization of void or crack nucleation during tensile 
loading leading to an increase in failure strain. Similar observations were made in 
magnesium composite containing nano-sized particles [21, 24]. 
Among the synthesized composites, the Mg/1.626Al (B) composite exhibited 
the highest tensile failure strain with an increase of +87% compared to monolithic Mg 
while for the Mg/1.626Al composite there was an increase of +65%. 
The compressive failure strain of monolithic Mg, Mg/Al and Mg/Al (B) 
composites are listed in Table 4.5 and are shown in Figure 4.5. As listed and shown, 
compressive failure strain of Mg/Al and Mg/Al (B) composites was compromised 
compared to monolithic Mg that is mostly attributed to crystallographic texture of 
synthesized composites due to presence of Al particles. It is noted that, compressive 
failure strain of composites containing either with ball milled or as-received Al 
particles remained statistically the same.  
 
4.9 Fracture Behavior  
The results of tensile fracture surface analysis obtained from extruded Mg and 
selective Mg/1.95Al and Mg/1.95Al (B) composite samples are shown in Figure 4.6. 
The results revealed typical brittle cleavage fracture for the pure Mg. This can be 
attributed to the hexagonal close-packed crystal structure of magnesium that restricts 
the slip to the basal plane. The presence of cleavage steps indicates the inability of 
magnesium to deform significantly under uniaxial tensile loading (Figure 4.6 (a)). 
However, the fracture surface in the case of all Mg/Al composites and Mg/Al (B) 
composites up to Al content of 1.626 vol. % had a higher occurrence of small dimple-
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like features compared to monolithic Mg (Figure 4.6(b)). The involvement of shear 
and formation of dimples during deformation and fracture can be attributed to strain 
localization around: (1) second-phase particles; and (2) voids in the deformed matrix 
[25, 26]. As evident from Figure 4.6c, the fracture surface of composite with most 
amounts of ball milled Al particles (Mg/1.95Al (B)) shows the presence of micro 
cracks which can be attributed to the reinforcement clustering and might have 





Figure 4.6. Representative FESEM fractographs taken from the tensile fracture surfaces 
showing: (a) cleavage steps in pure Mg, (b) mixed fracture mode in Mg/1.95Al; 
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The following conclusions can be made from the experimental findings of this study. 
1. Conventional solid state powder metallurgy technique using rapid microwave 
sintering and hot extrusion can be successfully used to synthesize near dense 
Mg composites containing either as-received or ball milled Al particles. 
2. Reinforcement ball milling led to significant improvement in composites 
strength. Compared to monolithic Mg, 0.2%YS, 0.2%CYS, UTS and UCS of 
Mg/1.626Al (B) composite was enhanced by +78%, +76%, +79% and +87%, 
respectively, while for Mg/1.626Al composite (as-received Al) the 
improvements were +51%, +64%, 53% and +78%, respectively. 
3. Reinforcement ball milling led to significant improvement in composites 
tensile failure strain up to Al content of 1.626 vol. %. Compared to monolithic 
Mg, failure strain of Mg/1.626Al (B) composite was enhanced by +87% while 
for Mg/1.626Al composite the failure strain improvement was +65%. 
4. Among the strengthening mechanisms, Orowan strengthening, grain refinement 
caused by the presence of either as-received or ball milled Al particles, and 
crystallographic texture based on           basal plane and       ̅     
pyramidal plane orientations, are believed to be primarily responsible for the 
observed strength difference between Mg/Al and Mg/Al (B) composites. 
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Results and Discussion 
Synthesis of Hierarchical Mg Nano-Composites 
Containing Composite Al-CNT Particles 
5.1 Processing 
Mg nano-composites containing composite Al-CNT particles were synthesized 
using powder metallurgy route incorporating microwave assisted rapid sintering 
technique followed by hot extrusion. The results of microstructural, physical and 
mechanical properties of synthesized materials are shown in detail in the following 
sections. Composite Al-CNT particles comprise sub-micron pure aluminium (Al) 
matrix embedding carbon nanotubes (CNT) within itself. The final nano-composite 
(referred to hierarchical nano-composite) is obtained by adding a small amount of Al-
CNT particles in to the Mg using powder metallurgy route incorporating microwave 
assisted rapid sintering technique and hot extrusion. Figure 5.1 illustrates the 
underlying concept. The sub-micron Al and CNT are combined through a ball milling 
process giving us a composite particle, which is then combined with pure Mg to form 
the nano-composite. It is noted that due to ball milling process, some of CNTs may 
break. Thus as evident from Figure 5.1, the CNTs are not the same in length. In order 
to prepare the composite Al-CNT particles, we fixed the CNT content at 0.18 wt. % 
and changed the Al content. It may be noted that, there was an effort to synthesize Mg 
nano-composite by using CNT based on the powder metallurgy method. The optimum 
content of CNT for having overall improvement in mechanical response of Mg was 
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reported as 0.18 wt. % [1], and we have used that value as a start point for synthesizing 
hierarchical Mg/Al-CNT nano-composites.  
 
5.2 Macrostructure 
Macrostructural characterization conducted on the as-sintered compacts 
revealed the absence of macrostructural defects such as circumferential or radial 
cracks. Following extrusion, no observable macro defects were observed on Mg and 
Mg/Al-CNT rods. The outer surface was smooth with metallic finish.  
 
 
Figure 5.1. Schematic of the hierarchical Mg/Al-CNT nano-composite synthesized in 
this work. 
 
5.3 Density Measurements 
The results of density measurement are shown in Table 5.1. The experimental 
and theoretical values of the densities of the nano-composites were found to be almost 
identical. This indicates that near-dense Mg/Al-CNT nano-composites can be obtained 
using the fabrication methodology adopted in the present study. 
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Al              CNT 
Mg -                        - 1.7400 1.7379 ± 0.0050 0.12 
Mg/0.50Al-0.18CNT 0.50             0.18 1.7438 1.7346 ± 0.0070 0.53 
Mg/1.00Al-0.18CNT 1.00             0.18 1.7469 1.7359 ± 0.0150 0.63 
Mg/1.50Al-0.18CNT 1.50             0.18 1.7500 1.7370 ± 0.0300 0.74 
 
5.4 Microstructural Characteristics 
Microstructural characterization studies conducted on nano-composite samples 
revealed reasonably uniform distribution of Al-CNT particles up to 1.00 wt. % Al in 
the Mg matrix (see Figure 5.2). Due to very low content of CNT particles (0.18 wt. %), 
CNTs could not be detected easily within the composite Al-CNT particles. However, 
Figure 5.2d shows the CNT particle embedded in an Al matrix. Further increase in Al 
content of Al-CNT particles led to an increase in both the nano-composite porosity and 
the tendency of reinforcement clustering (Table 5.1 and Figure 5.2c). Microstructural 
analysis results also revealed that average matrix grain size (relative to monolithic Mg) 
decreased in the case of nano-composites as shown in Table 5.2. No significant change 
was observed in the aspect ratio of the grains with addition of Al-CNT particles. Near-
equiaxed grain morphology was observed for both monolithic and reinforced samples 
indicating that the chosen extrusion temperature was high enough to allow for the 
recrystallization of strain free grains during extrusion [2]. 
The reasonably uniform distribution of Al–CNT particles up to Al content of 
1.00 wt. % in the hierarchical nano-composites (Figure 5.2) may be attributed to: (a) 
adequate blending parameters and (b) high extrusion ratio used in secondary 
processing. In theory, reasonable distribution of reinforcements can be obtained 
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irrespective of the size difference between the matrix powder and the reinforcement 
particles, provided a large deformation load is applied during secondary processing 
[3]. Minimal standard deviation in density measurement results also reflected the 
uniform distribution of reinforcement in the finally extruded materials. However, for 
the last formulation with the most Al content, some clustering was observed which can 
be attributed to high surface energy of the ball milled Al–CNT particles associated 
with their large surface area. Nearly equiaxed grains were observed in monolithic and 
hierarchical materials as shown in Table 5.2. Grain sizes were reasonably smaller 
suggesting the ability of Al–CNT particles to serve as either nucleation site or 
obstacles to grain growth during processing. Microstructural study also revealed 
minimal porosity in nano-composite materials which can be attributed to judicious 
selection of experimental parameters during primary and secondary processing. 
 
Table 5.2. Results of grain size, grain morphology and microhardness of Mg and 






Micro Hardness  
(HV) 
Mg 19 ± 4 1.5 ± 0.3 40 ± 2 
Mg/0.50Al-0.18CNT 10 ± 3 1.7 ± 0.5 50 ± 4 
Mg/1.00Al-0.18CNT 8 ± 3 1.7 ± 0.4 58 ± 3 
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Figure 5.2. Representive micrographs showing distribution of Al-CNT particles through the 
matrix in: (a) Mg/0.50Al-0.18CNT; (b) Mg/1.00Al-0.18CNT; (c) Mg/1.50Al-
0.18CNT and (d) high magnification of Al-CNT particle. 
 
5.5 X-Ray Diffraction Studies 
Figure 5.3 shows the results of the X-ray diffraction (XRD) studies conducted 
on the monolithic Mg and hierarchical Mg/Al-CNT nano-composites. It is noted that 
the XRD results of the extruded Mg/Al-CNT nano-composite samples in Figure 5.3 do 
not explicitly shows the presence of Al and CNT phases. This may be attributed to the 
low amount (< 2 vol. %) of Al-CNT particles inside Mg/Al-CNT nano-composites. As 
evident from Figure 5.3, for the formulation containing the most Al content, Al4O4C 
phase was formed based on Al, C, and O elements. Al4O4C phase might have formed 
in other formulations with lower Al amount, but in amounts lower to be detected by 
XRD method (less than 2 vol. %). 
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5.6 Texture analysis 
Texture results are listed in Table 5.3 and shown in Figure 5.4. In monolithic 
material, the dominant textures in the transverse and longitudinal directions was 
      ̅    while in the case of Mg/Al-CNT nano-composites, the dominant textures in 
the transverse and longitudinal directions were       ̅    and          , respectively. It 
seems that presence of composite Al-CNT particles has made a significant change in 
crystallographic texture of Mg compared to monolithic Mg by making basal plane 
orientation parallel to the extrusion direction (ED) 
 
5.7 Mechanical Behaviour 
5.7.1 Microhardness 
Table 5.2 compares the microhardness of the pure Mg and Mg/Al-CNT nano-
composites with varying amount of Al-CNT particles. The latter exhibits significantly 
higher hardness compared to the former. The average hardness was found to increase 
with an increase in Al content in the composite reinforcement. This increase in 
microhardness can be attributed to: (a) reasonably uniform distribution of harder Al–
CNT particles in the matrix [4, 5], (b) higher constraint to localized matrix 
deformation during indentation due to the presence of Al–CNT particles [5-7], (c) 
reduced grain size (see Table 2) [7, 8] and (d) formation of Al4O4C phase (see Figure 
5.3). 
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Figure 5.3. Representative XRD spectra of sintered and extruded Mg and hierarchical 
Mg/Al-CNT nano-composites with different Al-CNT particles in terms of 
Al content.  
 
Figure 5.4. Schematic diagram showing textures of: monolithic Mg and hierarchical 
Mg/Al-CNT nano-composites based on X-ray diffraction. In each case, 
vertical axis is parallel to extrusion direction. Each cell is made up of 2 
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Table 5.3. Texture results of Mg and hierarchical Mg/Al-CNT nano-composites based 






Mg T      ̅    prism 0.96 
           basal 0.66 
       ̅    pyramidal 1.00 
 L      ̅    prism 0.23 
           basal 0.63 
       ̅    pyramidal 1.00 
    
Mg/0.50Al-0.18CNT T      ̅    prism 1.00 
           basal 0.23 
       ̅    pyramidal 0.98 
 L      ̅    prism 0.08 
           basal 1.00 
       ̅    pyramidal 0.64 
    
Mg/1.00Al-0.18CNT T      ̅    prism 1.00 
           basal 0.16 
       ̅    pyramidal 0.86 
 L      ̅    prism 0.06 
           basal 1.00 
       ̅    pyramidal 0.44 
    
Mg/1.50Al-0.18CNT T      ̅    prism 1.00 
           basal 0.08 
       ̅    pyramidal 0.99 
 L      ̅    prism 0.06 
           basal 1.00 
       ̅    pyramidal 0.44 
 
                                 a
 T: transverse, L: longitudinal. 
                                 b
 Imax is XRD maximum intensity from either prism, basal or pyramidal planes. 
 
5.7.2 Tensile and compressive behaviour 
5.7.2.1 Strength 
The overall results of ambient temperature tensile testing of the extruded 
materials are shown in Table 5.4 and Figure 5.5. Figure 5.5a shows the uniaxial, 
engineering tensile stress-strain curves of the Mg/Al-CNT nano-composites for 
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different Al-CNT particles content along with the response of monolithic Mg. Figure 
5.5a (also, Table 5.4) shows the significant improvements in the strengths of the 
Mg/Al-CNT nano-composites compared to the monolithic Mg with increase in Al 
content of Al-CNT particles. Among the nano-composite formulations, Mg/1.00Al-
0.18CNT exhibited the best improvement in tensile properties with an increase in 0.2% 
YS (+38%), UTS (+36%) and F.S. (+42%). 
The results of ambient temperature compressive tests as listed in Table 5.5 and 
shown in Figure 5.5b revealed considerable improvement in strength of hierarchical 
Mg/Al-CNT nano-composites compared to monolithic Mg. Among the hierarchical 
formulations, Mg/1.00Al-0.18CNT showed the best improvement in overall 
compressive properties with an increase in 0.2% CYS (+36%), and UCS (+76%) while 
failure strain was compromised. 
 










Mg 93 ± 01 153 ± 07 7.9 ± 3.4 
Mg/0.50Al-0.18CNT 116 ± 11 186 ± 12 10.9 ± 3.5 
Mg/1.00Al-0.18CNT 128 ± 12 208 ± 08 11.2 ± 2.9 
Mg/1.50Al-0.18CNT 156 ± 13 223 ± 12 7.0 ± 0.5 
 










Mg 91 ± 03 239 ± 15 19.8 ± 1.7 
Mg/0.50Al-0.18CNT 120 ± 09 357 ± 13 11.0 ± 1.3 
Mg/1.00Al-0.18CNT 132 ± 04 421 ± 15 12.5 ± 1.0 
Mg/1.50Al-0.18CNT 144 ± 07 421 ± 11 11.3 ± 1.7 
 
Results and Discussion 
 
  
Development of Futuristic Magnesium Based Composites     By. Meisam Kouhi Habibi 
 
00 
The observed increase in the tensile and compressive strength of hierarchical 
Mg/Al-CNT nano-composites can be attributed to: (a) dislocation generation due to 
modulus mismatch and coefficient of thermal expansion mismatch between the matrix 
and reinforcement [9-11], (b) Orowan strengthening mechanism [10-12], (c) load 
transfer from matrix to reinforcement [9-11], (d) grain refinement caused by the 
presence of composite Al-CNT particles, and (e) crystallographic texture based on 
          basal plane and       ̅      pyramidal plane orientations [13].  
Regarding factor (a), the mismatch of CTE and shear modulus between the Mg 
matrix (           
                   [14]) and Al-CNT particles 
(                           
                                ) leads to 
dislocation generation in the vicinity of the interface [6, 9]. A higher dislocation 
density in the nano-composite, yields a higher level of internal stress [6]. The values 
for Al-CNT particles vary since the content of Al also varies within different 
composite Al-CNT particle formulations. Rule of mixtures was used for the calculation 
of           and        . To the best of the authors’ knowledge, there is no reliable 
CTE and G data currently available for CNT. The CNT has a similar hexagonal 
arrangement of carbon atoms as the graphite crystal. Regarding CTE, the CTE of 
graphite crystal           
               in the a-axis [15] (along the CNT 
length) was used. The shear modulus (G) was taken as          [16] based on 
conducted simulations. The respective values for Al were taken as:           
        and            [17]. The geometrically necessary dislocation density due 
to shear modulus [18] and CTE [19] mismatch are respectively given by: 
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 (2) 
 
where    is the shear strain in the matrix,   is the local length scale of the deformation 
field which can be regarded as the distance whereby dislocations generated at the 
reinforcements are restrained from movement, b is the Burgers vector, f is the volume 
fraction of composite particles,   is the misfit strain due to the different CTEs of Mg, 
and composite Al-CNT particles, and   is the average diameter of composite particles. 
The contribution of these geometrical dislocations in the enhanced strength of 
hierarchical Mg/Al-CNT nano-composites can be obtained by the Taylor dislocation 
strengthening mechanism as follows: 
 
     √     √    (3) 
      √     √     (4) 
 
where      and       are the stress increment due to modulus and coefficient of 
thermal expansion mismatch between the matrix and composite Al-CNT particles, 
respectively,   and   are the strengthening coefficient and   is the shear modulus of 
the matrix. 
Regarding factor (b), the strength increase in the case of hierarchical Mg/Al-
CNT nano-composites can be also partly attributed to the interaction of composite Al-
CNT particles with dislocations. This interaction can be interpreted by use of the 
Orowan strengthening mechanism. In this mechanism a dislocation line loops around 
the Al-CNT particles in the way of its advancement, provided the particle is 
sufficiently formed and has an atomically non-coherent interface with the matrix. 
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These loops lead to high work hardening rates and help to strengthen the nano-
composites. The contribution of Orowan strengthening mechanism to the enhanced 
yield strength of hierarchical Mg/Al-CNT nano-composites can be expressed as below: 
 
          
      
  
   
 
  
√     
 (5) 
 
where M is a strengthening coefficient,   is the mean inter-particles distance given by 
     √
 
  
    and     
is the Poisson’s ratio for Mg. 
Regarding factor (c), effective load transfer from matrix to reinforcement can 
be regarded as another strengthening mechanism which can be responsible for the 
increased strength in the case of hierarchical Mg/Al-CNT nano-composites. This 
strengthening mechanism strongly depends on interfacial bonding between the Al-
CNT particles and Mg matrix as well as volume fraction of composite particles. The 
contribution of this strengthening mechanism can be expressed as below: 
 
  =  (  
      
  
)            (6) 
 
Where    and    are the yield stress of nano-composite and monolithic Mg, 
respectively, L is the size of particles parallel to the load direction and t is the 
thickness of particles. For the equiaxed particles, an increment in the yield stress due to 
load transfer      can be expressed by [20]: 
 
                  (7) 
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Regarding factor (d), grain size strengthening mechanism is another 
strengthening mechanism which is mainly responsible for the increased strength of 
nano-composites compared to monolithic Mg. The strengthening of nano-composites 
from grain size reduction fundamentally comes from the mutual disturbance of slip 
among the grains. Here, the motion of dislocation across the grain boundary is 
impeded and the yield stress can be estimated by the Hall-Petch equation as below: 
 
  =        
     (8) 
 
where    is a constant stress of uncertain origin (back stress);    is the Hall-Petch 
coefficient and     
is the average Mg grain size. 
Regarding factor (e), crystallographic texture based on basal           plane 
and       ̅    pyramidal plane orientations may contribute to strengthening in 
hierarchical Mg/Al-CNT nano-composites. In comparison of crystallographic texture, 
Mg/Al-CNT nano-composites exhibited       ̅    and           dominant textures in 
the transverse and longitudinal directions, respectively as listed in Table 5.3 and shown 
in Figure 5.4, unlike monolithic Mg. For these       ̅    and           dominant 
textures, basal slip is made most difficult due to low resolved shear stress (RSS) for 
slip based on the zero angle between the           basal plane and the vertical axis as 
shown in Figure 5.4. Regarding twinning, pyramidal       ̅    plane is the desired 
plane for the tension twinning in Mg. Considering the X-ray diffraction from 
crystallographic planes parallel or near-parallel (    ) [21-23] to the plane containing 
the direction vector, the reorientation of pyramidal planes in hierarchical Mg/Al-CNT 
nano-composites compared to monolithic Mg makes the occurrence of tension 
twinning during compression testing more difficult (see Figure 5.4).  
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The contribution of the various strengthening mechanisms (factor (a) to (e)) 
and the consequent synergetic combination of both Al-CNT particles and monolithic 
Mg account for the improvement in strength of hierarchical Mg/Al-CNT nano-






Figure 5.5. (a) Tensile and (b) compressive engineering stress-strain curves for 
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5.7.2.2 Failure Strain 
The tensile failure strain of monolithic Mg and Mg/Al-CNT nano-composites is 
listed in Table 5.4 and shown in Figure 5.5a. Failure strain increased with Al–CNT 
particles content up to Al content of 1.00 wt. %. Compared to monolithic Mg, failure 
strain was enhanced by +42% in the case of Mg/1.00Al–0.18CNT nano-composite. 
Rapid drop in failure strain with further increase in Al–CNT particles content can be 
attributed to: (a) noticeable formation of Al4O4C phase (Figure 5.3); (b) partial 
reinforcement clustering (Figure 5.2c); and (c) formation of micro cracks under tensile 
loading (Figure 5.6c). The failure strain increase in the case of Mg/Al–CNT nano-
composites up to Al content of 1.00 wt.% compared to pure Mg can be attributed to: 
(a) presence of reasonably uniform distribution of Al–CNT particles (Figure 5.1) [24, 
25]; (b) grain refinement [26] (see Table 5.2), and (c) activation of a non-basal slip 
system due to presence of composite Al-CNT particles (see Figure 5.4) [27]. The 
failure strain enhancement was the case despite the zero angles between the           
plane and the force axis (Figure 5.4) in the nano-composites where resolved shear 
stress (RSS) is low and slip (much needed for ductility enhancement) on the           
plane is most difficult. In the case of reasonably uniform distribution of Al–CNT 
particles, it has been shown in previous studies that nano-particles provide sites where 
cleavage cracks are opened ahead of the advancing crack front [24, 25]. This may 
dissipate the stress concentration which would otherwise exist at the crack front and 
also may alter the local effective stress state from plane strain to plane stress in the 
neighborhood of the crack tip. It is noted that with the almost similar Al weight percent 
(1.00 wt.%), the failure strain enhancement in the case of hierarchical Mg/Al–CNT 
nano-composites compared to composites reinforced just with nano-sized Al [5] is 
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significantly higher. This tremendous difference in the case of failure strain can be 
attributed to contribution of CNT as a part of composite reinforcement.  
The compressive failure strain of monolithic Mg and hierarchical Mg/Al-CNT 
nano-composites are listed in Table 5.5 and are shown in Figure 5.5b. As listed and 
shown, compressive failure strain of hierarchical Mg/Al-CNT nano-composites was 
compromised compared to monolithic Mg that is mostly attributed to crystallographic 
texture of synthesized composites due to presence of composite Al-CNT particles. It is 
noted that, compressive failure strain of composites reinforced with different Al-CNT 
particles with different Al content remained statistically the same.  
 
5.8 Fracture Behavior 
Tensile fracture behaviour of both monolithic material and nano-composites 
are shown in Figure 5.6. The fracture surface observed in monolithic Mg indicated 
presence of cleavage steps. However, the tensile fractured surface of the nano-
composites had a higher occurrence of small dimple-like features when compared to 
monolithic material. The involvement of shear and formation of dimple like features 
during deformation and fracture can be attributed to strain localization around: (a) 
second phase particles and (b) voids in the deformed matrix surrounding the second 
phase particles, in nano-composites [28, 29]. 
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Figure 5.6. Representative FESEM fractographs taken from the tensile fracture surfaces showing: 
(a) cleavage steps in pure Mg, (b) mixed fracture mode in Mg/1.00Al-0.18CNT; and 




Figure 5.7. Fractographs showing: (a) prominent shear bands in the case of monolithic Mg and 
(b) mixed mode of shear and brittle fracture in the case of hierarchical Mg/Al-CNT 
nano-composites (Insets: fractured samples in compression). 
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Compressive fracture behaviour of both monolithic material and nano-
composites are shown in Figure 5.7. It is shown that, monolithic samples split into two 
parts and fracture surfaces of all monolithic samples were inclined at an angle of     
(    shear failure) [30]. In comparison, hierarchical nano-composite samples shattered 
into three parts (see Figure 5.7). Examination of fracture surfaces of monolithic Mg 
revealed smooth shear bands which can be attributed to twinning shear. However, 
fracture surface of the nano-composites was rough and showed mixed mode of shear 




The following conclusions can be made from the experimental findings of this study. 
1. Conventional solid state powder metallurgy technique using rapid microwave 
sintering and hot extrusion can be successfully used to synthesize near dense 
hierarchical Mg nano-composites containing composite Al-CNT particles. 
2. Hierarchical Mg microstructures synthesized in the present study exhibit 
reasonably uniform distribution of Al-CNT particles for Al v.f. up to ~ 1.0% 
and low porosity suggesting the adequacy of the processing methodology. 
3. The presence of composite Al-CNT particles refines the Mg grain structure 
significantly and stabilizes it by providing pinning sites against grain growth. 
4. Compared to monolithic Mg, enhanced mechanical response of hierarchical 
Mg/Al-CNT nano-composites can be attributed to: (a) reduction in average 
matrix grain size, (b) crystallographic texture change, (c) dislocation generation 
due to modulus mismatch and coefficient of thermal expansion mismatch 
between the matrix and ball milled Al-CNT particles and (d) Orowan 
strengthening mechanism. 
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5. Compared to monolithic Mg, the tensile failure strain increase of Mg/Al-CNT 
nano-composites can be attributed to: (a) grain refinement, (b) activation of a 
non-basal slip system, and (c) presence and reasonably uniform distribution of 
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Results and Discussion 
Synthesis of Hierarchical Mg Nano-Composites 
Containing Composite Al-CNT Particles with Different 
CNT Content  
6.1 Processing 
Motivated by the significant enhancement in both strength and ductility of Mg 
achieved through integration with composite Al-CNT particles and available 
microstructural degrees of freedom, we made an attempt to change the content of 
CNT. Due to inherent nature of ball milling we may get different composite Al-CNT 
particles in terms of size and surface energy if we change the fraction of the constituent 
which is finer and harder. 
 
6.2 Particle Size Measurement 
The result of particle size measurements for different composite Al-CNT 
particles formulation is shown in Figure 6.1. As evident from Figure 6.1, the size of 
Al-CNT particles decreases as the content of CNT within Al-CNT particles increases. 
The size of composite Al-CNT particles versus CNT contents can be summarized as 
follow (Al-0.097CNT (Mg/1.00Al-0.09CNT) :         ), (Al-0.17CNT 
(Mg/1.00Al-0.18CNT) :         ), (Al-0.26CNT (Mg/1.00Al-0.30CNT) : 
        ), (Al-0.37CNT (Mg/1.00Al-0.50CNT) :         ). 
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Macrostructural characterization conducted on the as-sintered billets revealed 
absence of macrostructural defects such as circumferential or radial cracks. Following 
extrusion, no observable macroscopic defects were observed on the surface of 
monolithic Mg as well as hierarchical nano-composite rods. The outer surfaces were 
smooth and free of any circumferential crack. It is noted that using ball milled CNT 
particles while coated with Al as reinforcement, even beyond 0.3 wt. % does not make 
any problem during the synthesis (powders compaction) in comparison with the 
problem that previously existed during the synthesis of Mg composites reinforced with 
CNT particles via powder metallurgy technique [1].  
 
 
Figure 6.1. Schematic representation of composite Al-CNT particles size versus CNT 
content. 
 
6.4 Density Measurements 
The results of density measurements are shown in Table 6.1. The experimental 
and theoretical values of the densities of the hierarchical Mg/Al-CNT nano-composites 
were found to be almost identical. This indicates that near-dense hierarchical Mg nano-
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composites can be obtained using the fabrication methodology adopted in the present 
study. As listed in Table 6.1, porosity of Mg/Al-CNT nano-composites increases 
monotonically with CNT content.  
 
















Al              CNT 
Mg -                        - 1.7400 1.7379 ± 0.0050 0.12 
Mg/1.00Al-0.09CNT 1.00             0.09 1.7465 1.7395 ± 0.0030 0.40 
Mg/1.00Al-0.18CNT 1.00             0.18 1.7469 1.7359 ± 0.0150 0.63 
Mg/1.00Al-0.30CNT 1.00             0.30 1.7474 1.7369 ± 0.0080 0.60 
Mg/1.00Al-0.50CNT 1.00             0.50 1.7482 1.7311 ± 0.0100 0.98 
 
6.5 Microstructural Characteristics 
Microstructural characterization studies conducted on hierarchical nano-
composite samples revealed reasonably uniform distribution of composite Al-CNT 
particles up to CNT content of 0.30 wt. % (Figure 6.2). Further increase in CNT 
content of Al-CNT particles led to an increase in both the nano-composite porosity and 
the tendency of reinforcement clustering (Table 6.1 and Figure 6.2d). Microstructural 
characterization studies also clearly indicated the coexistence of Al and CNT as a 
composite Al-CNT particle in Mg matrix (see Figure 6.3). Microstructural analysis 
results also revealed that average matrix grain size (relative to monolithic Mg) 
decreased in the case of nano-composites as shown in Table 6.2. No significant change 
was observed in the aspect ratio of the grains with addition of composite Al-CNT 
particles. Near-equiaxed grain morphology was observed for both monolithic and 
reinforced samples indicating that the chosen extrusion temperature was high enough 
to allow for the recrystallization of strain free grains during extrusion. 
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Figure 6.2. Representative micrographs showing distribution of Al–CNT particles in the 
matrix in: (a) Mg/1.00Al–0.09CNT; (b) Mg/1.00Al–0.18CNT; (c) Mg/1.00Al–
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Table 6.2. Results of grain size, grain morphology and micro hardness of Mg and 






Micro Hardness  
(HV) 
Mg 19 ± 4 1.5 ± 0.3 40 ± 2 
Mg/1.00Al-0.09CNT 10 ± 2 1.6 ± 0.2 55 ± 4 
Mg/1.00Al-0.18CNT 8 ± 3 1.7 ± 0.4 58 ± 3 
Mg/1.00Al-0.30CNT 7 ± 2  1.7 ± 0.2 60 ± 2 
Mg/1.00Al-0.50CNT 7 ± 3 1.5 ± 0.1 58 ± 2 
 
6.6 X-Ray Diffraction Studies 
Figure 6.4 shows the results of the X-ray diffraction (XRD) studies conducted 
on the monolithic Mg and hierarchical Mg/Al-CNT nano-composites. It is noted that 
the XRD results of the extruded Mg/Al-CNT nano-composite samples in Figure 6.4 do 
not explicitly shows the presence of Al and CNT phases. This may be attributed to the 




Figure 6.4. Representative XRD spectra of sintered and extruded Mg and hierarchical 
Mg/Al-CNT nano-composites with different Al-CNT particles in terms of 
CNT content.  
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6.7 Texture analysis 
Figure 6.5 shows the prismatic       ̅    and basal           pole figures 
obtained from the pole figure analysis of hierarchical Mg/Al-CNT nano-composites 
alongside monolithic pure Mg. Recall that all the samples have been subjected to 
similar extrusion process. A broad comparison of the different textures immediately 
clarifies that the addition of Al-CNT particles (irrespective of CNT content) 
significantly modulates the composite texture compared to its monolithic counterpart. 
Specifically, addition of Al-CNT particles weakens the basal texture and accentuates 
the prismatic texture (basal plane orientation parallel to extrusion direction) compared 
to the monolithic pure Mg. This type of fiber texture (rotation of c-axis into the radial 
direction) has been also reported for magnesium alloys [2, 3] as well as hcp zirconium 
alloys [4] and is ascribed to the activation of prism     and pyramidal      
 slip during extrusion. It cannot definitely conclude whether twinning also supports the 
development of the extrusion fiber texture: twinning is reported to be inactive in 
magnesium alloys deformed by equal channel angular extrusion (ECEA) [2], whereas 
experimental evidence exists for the activation of twinning during high temperature 
extrusion [5], indicating that twinning may influence the development of texture 
formation. It is noted that, as evident from Figure 6.5, the affection of texture due to 
presence of Al-CNT particles is strongly reliant on CNT content. A formulation with 
higher CNT content or reinforced with smaller Al-CNT particles shows stronger 
prismatic and weaker basal texture compared to a formulation with lower CNT content 
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Figure 6.5. (a) Schematic of the approximate crystal arrangements with reference to the 
extrusion direction (shown by ) and       ̅    and           pole figures 
of: (a) Mg; (b) Mg/1.00Al-0.09CNT; (c) Mg/1.00Al-0.18CNT; (d) 
Mg/1.00Al-0.30CNT and (e) Mg/1.00Al-0.50CNT hierarchical nano-
composites. 
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6.8 Mechanical Behaviour 
6.8.1 Microhardness 
The microhardness values of synthesized monolithic Mg along with all 
hierarchical Mg/Al-CNT nano-composites with varying CNT content are listed in 
Table 6.2. The latter exhibits significantly higher hardness compared to the former. As 
listed in Table 6.2, the microhardness of hierarchical nano-composites increases 
monotonically up to CNT content of 0.3 wt. %. Further increase in CNT content of Al-
CNT particles led to a marginal decrease in microhardness in the case of Mg/1.00Al-
0.50CNT nano-composite. This increase in microhardness can be attributed to: (a) 
reasonably uniform distribution of hybrid Al–CNT particles in the matrix [6, 7], (b) 
higher constraint to localized matrix deformation during indentation due to the 
presence of Al–CNT particles [7-9], and (c) reduced grain size (see Table 2) [9, 10]. 
 
6.8.2 Tensile and compressive behaviour  
6.8.2.1 Strength 
Quasi-static regime 
Table 6.3, Figures 6.6a and 6.8 lists and shows the overall results of ambient 
temperature tensile testing of extruded Mg/Al-CNT nano-composite rods containing 
different amount of CNT along with the response of monolithic Mg. As listed in Table 
6.3 and compared to monolithic Mg, there is a significant improvement in ultimate 
tensile strength of Mg/Al-CNT nano-composites up to CNT content of 0.30 wt. %. 
Further increase in CNT content led to a strength drop in the case of Mg/1.00Al-
0.50CNT nano-composite which could be attributed to increased porosity (see Table 
6.1) and reinforcement clustering (see Figure 6.2) [11]. Among the different 
hierarchical formulations synthesized, the configuration with Al-CNT composition of 
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1.00 Al and 0.30 CNT by weight percent (Mg/1.00Al-0.30CNT) exhibits the best 
overall improvement in 0.2% YS (+72%) and UTS (+48). It is interesting to note that, 
in the case of Mg composites synthesized with only 0.30 wt. % CNT, the improvement 
in 0.2% YS and UTS were +15% and +2%, respectively compared to its monolithic 
Mg counterpart [1]. Thus, it seems that using CNTs coated with Al as reinforcement 
has much more improved the mechanical properties due to enhanced interfacial 
strength between CNT and Mg. 
Table 6.4, Figures 6.7a and 6.8 lists and shows the overall results of ambient 
temperature compressive testing of extruded hierarchical Mg/Al-CNT nano-composite 
rods containing different amount of CNT along with the response of monolithic Mg. 
Compared to monolithic Mg, the ultimate compressive strength kept monotonically 
going up with an increase in CNT content of Al-CNT particles up to 0.30 wt. % CNT. 
Further increase in CNT content lead to a marginal drop in strength in the case of 
Mg/1.00Al-0.50CNT hierarchical configuration. Among the different hierarchical 
formulations synthesized, the configuration with Al-CNT composition of 1.00 Al and 
0.30 CNT by weight percent (Mg/1.00Al-0.30CNT) again exhibits the best overall 
improvement in 0.2%CYS (+72%) and UCS (+48%) compared to monolithic Mg. 
Given the dilute range of Al-CNT particles, the impressive enhancement in the 
mechanical responses of all Mg/Al-CNT configurations, especially the yield 
strengthening, must have microstructural underpinnings that do not resort to the simple 
load transfer mechanism-based strengthening. Some of the important mechanisms that 
may be responsible for enhanced mechanical response of Mg/Al-CNT nano-
composites are: (a) grain size effect [12, 13], (b) geometrically necessary dislocations 
(GNDs) arising from thermo-elasto-plastic mismatch between the constituents [14, 
15], (c) Orowan strengthening [13, 16], and (d) crystallographic texture effect [17, 18]. 
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It is noted that the detailed explanation for the simultaneous enhancement in strength 
and ductility of Mg/Al-CNT nano-composites due to presence of composite Al-CNT 
particles is given in chapter 5 and it is omitted here for brevity [11, 19]. 
 












 93 ± 01 153 ± 07 7.9 ± 3.4 
Mg
d
 - 215 ± 08 10.0 ± 0.6 
    
Mg/1.00Al-0.09CNT
q
 148 ± 02 206 ± 04 9.1 ± 0.6 
Mg/1.00Al-0.09CNT
d
 - 230 ± 17 8.1 ± 0.8 
    
Mg/1.00Al-0.18CNT
q
 128 ± 12 208 ± 08 11.2 ± 2.9 
Mg/1.00Al-0.18CNT
d
 - 241 ± 12 9.0 ± 1.3 
    
Mg/1.00Al-0.30CNT
q
 160 ± 08 227 ± 14 8.6 ± 0.4 
Mg/1.00Al-0.30CNT
d
 - 270 ± 10 7.5 ± 1.0 
    
Mg/1.00Al-0.50CNT
q
 168 ± 02 220 ± 06 4.6 ± 0.5 
Mg/1.00Al-0.50CNT
d
 - 278 ± 11 4.3 ± 1.0 
 
                                 q
 Quasi-static. 




Table 6.3 and Table 6.4 list the overall results of ambient temperature dynamic 
tensile and compressive testing of extruded hierarchical Mg/Al-CNT nano-composite 
rods containing different amount of CNT along with the response of monolithic Mg. 
As shown in Figures 6.5, 6.6 and 6.7, there is a significant increase in tensile and 
compressive flow stress of hierarchical nano-composites alongside monolithic Mg due 
to tremendous increase in strain rate which is mostly attributed to greater degree of 
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work hardening. This was also explained by Guo et al. [20] where it was found that 
increasing the strain rate, results in an increase in dislocation density at grain 
boundaries resulting in high stress concentration regions. Among the different 
hierarchical formulations synthesized, Mg/1.00Al-0.50CNT configuration again 
exhibits the best overall improvement in UTS, and UCS (+30% and +40%) compared 
to dynamically deformed monolithic Mg. It is noted that at high strain rates, specimens 
are deformed adiabatically and this results in an increase in testing temperature.  
 












 91 ± 3 239 ± 11 19.8 ± 1.7 
Mg
d
 - 341 ± 10 18.4 ± 1.3 
    
Mg/1.00Al-0.09CNT
q
 135 ± 04 337 ± 14 10.1 ± 1.5 
Mg/1.00Al-0.09CNT
d
 - 390 ± 11 9.5 ± 1.5 
    
Mg/1.00Al-0.18CNT
q
 126 ± 05 421 ± 13  12.5 ± 0.4 
Mg/1.00Al-0.18CNT
d
 - 462 ± 10 11.1± 1.7 
    
Mg/1.00Al-0.30CNT
q
 148 ± 05 424 ± 12 12.4 ± 1.7 
Mg/1.00Al-0.30CNT
d
 - 471 ± 25 11.0 ± 1.0 
    
Mg/1.00Al-0.50CNT
q
 144 ± 10 401 ± 15 10.6 ± 1.5 
Mg/1.00Al-0.50CNT
d
 - 479 ± 10 11.2 ± 0.6 
 
                                 q
 Quasi-static. 
                                 d 
Dynamic. 
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Figure 6.6. (a) Quasi-static and (b) dynamic tensile engineering stress-strain curves for 




An increase in temperature is expected to lower the flow stress. However, this 
temperature rise is estimated to be less than      at high strain rates and its effect 
could be neglected. Moreover, due to the large variation of strain rate at early stage of 
deformation, reporting a value of 0.2% YS or 0.2% CYS for a material in the dynamic 
regime is not recommended. 
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6.8.2.2 Failure Strain 
Quasi-static regime 
As listed in Table 6.3 and compared to monolithic Mg, tensile failure strain of 
hierarchical Mg/Al-CNT nano-composites increase with Al-CNT particles and remain 
higher compared to monolithic Mg up to CNT content of 0.30 wt.%. Rapid drop in 
tensile failure strain with further increase in CNT content in the case of Mg/1.00Al-
0.50CNT nano-composite can be attributed to: (a) partial reinforcement clustering [11] 
and (b) increased nano-composites porosity (see Table 6.1). The tensile failure strain 
increase in the case of hierarchical Mg/Al–CNT nano-composites up to CNT content 
of 0.30 wt.% compared to pure Mg can be attributed to: (a) grain refinement and (b) 
presence and reasonably uniform distribution of Al–CNT particles [21, 22].  
As listed in Table 6.4 and compared to monolithic Mg, compressive failure 
strain of Mg/Al-CNT nano-composite was compromised which mostly could be 
attributed to crystallographic texture of nano-composite compared to monolithic Mg. 
Moreover, among the different Mg/Al-CNT nano-composites, compressive failure 
strain remained statistically the same and it did not change significantly with change in 
CNT content of Al-CNT particles. 
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Figure 6.7: (a) Quasi-static and (b) dynamic compressive engineering stress-strain 
curves for hierarchical Mg/Al-CNT nano-composites along with response 
of monolithic Mg. 
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Figure 6.8. Mechanical response of Mg alongside hierarchical Mg/Al-CNT nano-
composites: (a) peak stress and (b) failure strain in both quasi-static (Q) 
and dynamic regime (D). 
 
Dynamic regime 
As listed in Table 6.3 and shown in Figures 6.6b and 6.8c, dynamic tensile 
failure strain in the case of monolithic Mg increased compared to it’s quasi-statically 
counterpart while it remained statistically the same in the case of Mg/Al-CNT nano-
composites. This increase in tensile failure strain in the case of monolithic Mg due to 
increased strain rate could be attributed to higher formation of shear band at the last 
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stage of deformation. However, the dynamic compressive failure strain of monolithic 
Mg alongside hierarchical Mg/Al-CNT nano-composites remained statistically the 
same compared to their quasi-statically counterpart which has been also observed by 
Yokoyama et al. [23]. More relevant discussion regarding the tensile failure strain 
increase due to strain rate increase is given in following section. 
 
6.9 Fracture Behaviour  
Tensile fracture surface of monolithic Mg along with selective hierarchical 
Mg/1.00Al-0.30CNT nano-composite after both quasi-static and dynamic tensile 
deformation is given in Fig. 6.9.  
Regarding the quasi-static tensile deformation, the fracture surfaces observed in 
the monolithic Mg predominantly reveal the presence of cleavage steps. The presence 
of cleavage steps indicates an inability of Mg to significantly deform under uniaxial 
tensile loading, characteristic of the low symmetry hcp structure of Mg (Figure 6.9a). 
However, the fracture surface in the case of the hierarchical Mg/1.00Al-0.30CNT 
nano-composite revealed a mixed mode of failure, with evidence of ductile plastic 
deformation, such as dimples (Figure 6.9b). The involvement of shear and formation 
of dimple like features during deformation and fracture can be attributed to strain 
localization around: (a) second phase particles and (b) voids in the deformed matrix 
surrounding the second phase particles, in nano-composites [24, 25]. This transition 
from a brittle to a mixed mode type due to presence of Al-CNT particles is mostly 
attributed to the activation of non-basal slip systems as well as transition from 
intergranular fracture to transgranular one with grain refinement [26, 27]. 
Regarding the dynamic tensile deformation, the fracture surface of monolithic 
Mg had a higher occurrence of small dimple like features compared to quasi-statically 
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deformed Mg which is consistent with failure strain increase of monolithic Mg due to 
strain rate increase (Figure 6.9c). However, the fracture surface of dynamically 
deformed Mg/1.00Al-0.30CNT nano-composite shows the same mixed failure mode as 
the quasi-statically deformed counterpart (Figure 6.9d). It is noted that under low strain 
rate deformation, single or several major cracks develop to catastrophic failure of the 
specimen. However, under high strain rate deformation, micro cracks develop and 
unload their neighborhood independently with less time to fully communicate with 
each other so as to delay or surpass the catastrophic failure of the specimen. Under 
high rate of loading, numerous micro-cracks nucleate in broad regions. These micro-
cracks are likely to be stopped or arrested by the intensified plastic deformation [28]. 
Regarding the compressively deformed samples, our observation revealed that 
shear localization is found to be the primary failure mode of monolithic Mg alongside 
hierarchical Mg/Al-CNT nano-composites at both quasi-static and dynamic strain rate. 
All specimens failed in shear with a single flat surface oriented at an angle 
approximately     degree to the compression axis. Such shear failure indicates a 
relative brittle feature of composite. One single band develops at quasi-static rates 
while multiple bands are able to develop at higher rates. It is noted that, the 
fractography of compressively deformed samples is not given here, since after 
dynamic compression, samples almost vanished and the given observation is just based 
on the high speed camera recorded movies. 
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Figure 6.9. Representative FESEM micrographs taken from the tensile fracture surfaces 
showing (a) cleavage steps in Mg (Q), and mixed fracture mode in: (b) 




The conclusions from the current experimental findings are as follows: 
1. Using CNTs coated with Al as reinforcement, synthesis of composites with 
CNT content of more than 0.30 weight percent via powder metallurgy becomes 
possible. Considering the mechanical properties, it seems that using Al as a 
bonding agent has improved the interface between Mg and CNT. 
2. It seems that playing with microstructural degree of freedom existed in 
composite Al-CNT particles is effective on further enhancing the mechanical 
response of hierarchical Mg/Al-CNT nano-composites. Overall performance of 
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hierarchical Mg/1.00Al-0.30CNT nano-composite is better than hierarchical 
Mg/1.00Al-0.18CNT nano-composite synthesized previously. 
3. Significant reduction in Mg grain size is observed due to presence of Al-CNT 
particles with different length scale and CNT content. 
4. Addition of Al-CNT particles weakens the basal texture and accentuates the 
prismatic texture compared to the monolithic Mg. 
5. Among the synthesized Mg/Al-CNT formulations, the Mg/1.00Al-0.30CNT 
shows the highest enhancement in both tensile and compressive strength 
compared to other formulations and monolithic Mg. This may be primarily 
attributed to the grain size refinement, geometrically necessary dislocations 
(GNDs) arising from thermo-elasto-plastic mismatch between the constituents, 
Orowan strengthening mechanisms and crystallographic texture, although 
synergetic coupling may occur between different strengthening mechanisms as 
well. 
6. From a crashworthiness point of view, hierarchical Mg/Al-CNT nano-
composites exhibit some ideal mechanical properties. The flow stress increases 
considerably at high strain rate events when compared with quasi-static rates 
resulting in an increase in energy absorption. It should be emphasized that this 
crashworthiness is obtained for both compressive and tensile loading. 
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Results and Discussion 
Synthesis of Hierarchical Mg Nano-Composites 
Containing Composite Al-Al2O3 Particles 
7.1 Processing 
Hierarchical magnesium (Mg) nano-composites with a novel micro-
architecture comprising reinforcing constituent that is a composite in itself were 
developed via powder metallurgy route. Motivated by the significant enhancement in 
both strength and ductility of magnesium achieved through integration with Al-CNT 
particles and available microstructural degrees of freedom, we made an attempt to 
replace CNT with a ceramic based reinforcement whose compatibility with Mg is 
already established. Specifically, we develop a hierarchical nano-composite with 
monolithic Mg as the matrix that is reinforced by another composite that comprises 
sub-micron pure aluminium (Al) matrix embedding nano-alumina (n-Al2O3) particles 
within itself. Figure 7.1 illustrates the underlying concept. The sub-micron Al and n-
Al2O3 are combined through a ball milling process giving us Al-Al2O3 composite 
particles, which is then combined with pure Mg to form a hierarchical nano-composite. 
In order to prepare different reinforcements for different nano-composite formulations 
the content of Al2O3 particles was kept constant at 0.66% v.f. [1] while the Al content 
varied. It is noted that the value of 0.66% v.f. has been extracted from a previous work 
based on synthesizing Mg nano-composites reinforced with nano-Al2O3 via powder 
metallurgy technique [1]. The results of microstructural, physical and mechanical 
properties of synthesized materials are discussed in detail in the following sections. 
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Macrostructural characterization conducted on the as-sintered billets revealed 
absence of macrostructural defects such as circumferential or radial cracks. Following 
extrusion, no observable macroscopic defects were observed on the surfaces of the 
monolithic Mg and hierarchical composite rods. The outer surfaces were smooth and 
free of any circumferential cracks.  
 
 
Figure 7.1. Schematic of the hierarchical Mg/Al-Al2O3 nano-composite synthesized in 
this work.  
 
7.3 Density Measurements 
The theoretical mass densities of the samples were calculated using the rule-of-
mixtures assuming that there is no Mg/Al-Al2O3 interfacial reaction. Table 7.1 gives 
the results of density measurements. The measured nano-composite densities are very 
close to the theoretical values. Thus, near-dense nano-composites can be consistently 
obtained using the fabrication methodology adopted in the present study. However, for 
Al amount greater than ~1.0% considered in this work the porosity fraction is 
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appreciably larger than those with Al amount smaller than ~1.0%. This may adversely 
affect the mechanical stability of the nano-composites.  
 
7.4 Microstructural Characteristics 
Microstructural characterization studies conducted on nano-composite samples 
indicate reasonably uniform distribution of the composite Al+Al2O3 particles in the 
Mg matrix up to 0.972 vol. % of Al (see Figure 7.2a - b). Increasing the reinforcement 
content causes increase in both the porosity and reinforcement clustering (see Figure 
7.2c – d and Table 7.1). Figure 7.3 shows that the ball milled reinforcement comprises 
Al (gray-scale) speckled with Al2O3 (white) particles (i.e. the alumina particles reside 
entirely in the Al and do not get transferred to the Mg matrix during processing). The 
average Mg grain size in the hierarchical nano-composite is significantly smaller 
compared to the pure Mg (Table 7.2). Near-equiaxed grain morphology is observed for 
both the monolithic and nano-composite samples indicating that the aspect ratio of the 
Mg grains is not influenced by addition of composite Al+Al2O3 particles.  
The uniform distribution of the ball milled Al+Al2O3 particles in the 
hierarchical nano-composite, at least for Al amount up to 0.972%, may be attributed 
to: (a) adequate blending parameters and (b) high extrusion ratio used in secondary 
processing. In theory, homogeneous distribution of reinforcements should be 
achievable irrespective of the size difference between the matrix powder and the 
reinforcement, provided a large deformation load is applied during secondary 
processing [2]. However, at higher Al+Al2O3 v.f., the observed clustering may be due 
to high surface energy of the ball-milled composite particles associated with their large 
surface area, which warrants further investigation.  
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  Al             Al2O3 
Mg -                   - 1.7400 1.7379 ± 0.005 0.12 
Mg/0.647Al-0.66Al2O3 0.647           0.660 1.7611 1.7599 ± 0.003 0.06 
Mg/0.972Al-0.66Al2O3 0.972           0.660 1.7642 1.7633 ± 0.020 0.05 
Mg/1.298Al-0.66Al2O3 1.298           0.660 1.7673 1.7638 ± 0.012 0.20 






Figure 7.2. Representive micrographs showing distribution of ball milled Al+Al2O3 particles 
in the matrix in (a) Mg/0.647Al-0.66Al2O3; (b) Mg/0.97Al-0.66Al2O3; (c) 
Mg/1.298Al-0.66Al2O3; and (d) Mg/1.95Al-0.66Al2O3 nano-composites. 
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Figure 7.3 Al+Al2O3 composite particles high resolution micrographs showing coexistence of 
Al-Al2O3 in Mg. 
 
Table 7.2. Results of grain size, grain morphology and micro hardness of Mg and 
hierarchical Mg/Al-Al2O3 nano-composites 
 
Material 





Mg 19 ± 4 1.5 ± 0.3 40 ± 2 
Mg/0.647Al-0.66Al2O3 8 ± 4 1.7 ± 0.5 59 ± 4 
Mg/0.972Al-0.66Al2O3 8 ± 4 1.7 ± 0.4 60 ± 3 
Mg/1.298Al-0.66Al2O3 7 ± 4 1.8 ± 0.6 62 ± 4 
Mg/1.950Al-0.66Al2O3 7 ± 3 1.7 ± 0.5 62 ± 3 
 
7.5 X-Ray Diffraction Studies 
Figures 7.4a and 7.4b show the results of the X-ray diffraction (XRD) studies 
conducted on the composite Al+Al2O3 particles and hierarchical nano-composites, 
respectively. The XRD results of the ball milled reinforcement reveal the presence of 
both the Al and Al2O3 phases (Figure 7.4a); however, the XRD results of the extruded 
hierarchical nano-composite samples (Figure 7.4b) do not explicitly show the presence 
of Al, Al2O3 and any related phases. This may be attributed to the low composite 
particles volume fraction (≤ 2.0 %) within the hierarchical nano-composite. 
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Figure 7.4. Representative XRD spectra of (a) Al+Al2O3 composite particles, and (b) 
sintered and extruded hierarchical nano-composites with different Al v.f.  
 
7.6 Texture analysis 
Texture results are listed in Table 7.3 and shown in Figure 7.5. In monolithic 
material, the dominant textures in the transverse and longitudinal directions was 
     ̅    while in the case of hierarchical Mg/Al-Al2O3 nano-composites, the dominant 
textures in the transverse and longitudinal directions were      ̅    and      ̅   , 
respectively. It seems that presence of composite Al+Al2O3 particles has made a 
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significant change in crystallographic texture of Mg compared to monolithic Mg by 
making basal plane orientation parallel to the extrusion direction (ED). 
 
 
Figure 7.5. Schematic diagram showing textures of: monolithic Mg and hierarchical 
Mg/Al-Al2O3 nano-composites based on X-ray diffraction. In each case, 
vertical axis is parallel to extrusion direction. Each cell is made up of 2 
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Table 7.3. Texture results of Mg and hierarchical Mg/Al-Al2O3 nano-composites based 







Mg T     ̅    prism 0.96 
           basal 0.66 
      ̅    pyramidal 1.00 
 L     ̅    prism 0.23 
           basal 0.63 
      ̅    pyramidal 1.00 
Mg/0.647Al-0.66Al2O3 T     ̅    prism 1.00 
           basal 0.24 
      ̅    pyramidal 0.52 
 L     ̅    prism 0.13 
           basal 0.45 
      ̅    pyramidal 1.00 
Mg/0.972Al-0.66Al2O3 T     ̅    prism 1.00 
           basal 0.41 
      ̅    pyramidal 0.93 
 L     ̅    prism 0.20 
           basal 0.41 
      ̅    pyramidal 1.00 
Mg/1.298Al-0.66Al2O3 T     ̅    prism 1.00 
           basal 0.26 
      ̅    pyramidal 0.81 
 L     ̅    prism 0.13 
           basal 0.73 
      ̅    pyramidal 1.00 
Mg/1.95 Al-0.66Al2O3 T     ̅    prism 1.00 
           basal 0.16 
      ̅    pyramidal 0.76 
 L     ̅    prism 0.17 
           basal 0.48 
      ̅    pyramidal 1.00 
        
a
 T: transverse, L: longitudinal 
        
b
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7.7 Mechanical Behaviour 
7.7.1 Microhardness 
Table 7.2 compares the microhardness of the pure Mg and hierarchical Mg/Al-
Al2O3 nano-composites with varying amount of Al+Al2O3 particles. The latter exhibits 
significantly higher hardness compared to the former. This enhanced micro-hardness 
may be attributed primarily to: (a) the presence of relatively harder composite particles 
in the matrix [3, 4], (b) a higher constraint to the localized matrix deformation during 
indentation due to the presence of the Al+Al2O3composite particles [3, 4], and (c) 
reduced Mg grain size (Table 2) [3-5]. The results further reveal that in this case the 
amount of Al+Al2O3v.f. does not strongly affect the hardness of the bulk samples 
(Table 7.2). 
 
7.7.2 Tensile behaviour 
7.7.2.1 Strength 
Quasi-static Regime 
Table 7.4 and Figure 7.6a lists and shows the overall results of ambient 
temperature tensile testing of extruded hierarchical Mg/Al-Al2O3 nano-composite rods 
containing different amount of Al2O3 along with the response of monolithic Mg. As 
listed in Table 7.4 and compared to monolithic Mg, there is a significant improvement 
in the tensile strength of hierarchical Mg/Al-Al2O3 nano-composites.  
It is interesting to note, however, that this improvement is not monotonic. For a 
fixed Al2O3 v.f. within the composite particles, the 0.2% YS and UTS of the 
hierarchical nano-composites increase monotonically up to Al amount of 0.972%. 
Further increase in the Al v.f. leads to a drop in the strength. Among the different 
hierarchical Mg nano-composites synthesized in this work, the Mg/0.972Al-0.66Al2O3 
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combination shows the best overall improvement over monolithic Mg, with an 
impressive increase of 96 % in the YS, and 80% in UTS.  
Table 7.5 and Figure 7.7a lists and shows the overall results of ambient 
temperature compressive testing of extruded hierarchical Mg/Al-Al2O3 nano-
composite rods containing different amount of Al along with the response of 
monolithic Mg. Compared to monolithic Mg, the compressive strength kept 
monotonically going up with an increase in Al content of Al+Al2O3particles. Among 
the different hierarchical Mg/Al-Al2O3 formulations synthesized, the hierarchical 
Mg/0.972Al-0.66Al2O3 formulation again exhibits the best overall improvement in 
0.2%CYS (+76%) and UCS (+80%) compared to monolithic Mg. 
The enhanced strengthening and hardening observed in the hierarchical nano-
composites compared to the monolithic Mg is attributed to the presence of the 
composite Al+Al2O3 particles that activates multiple strengthening mechanisms acting 
in tandem [6, 7]. These include, but may not be limited to: (a) Orowan strengthening 
[8, 9], (b) grain size strengthening [9, 10], (c) effective load transfer from the matrix to 
the reinforcement [11, 12], (d) generation of geometrically necessary dislocations 
(GNDs) to accommodate the CTE and elastic modulus mismatch between the Mg 
matrix and the composite Al+Al2O3 particles [13, 14], and (e) activation of non-basal 
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 93 ± 01 153 ± 07 7.9 ± 3.4 
Mg
d
  215 ± 08 10.0 ± 0.6 
    
Mg/0.647Al-0.66Al2O3
q
 164 ± 18 254 ± 23 9.5 ± 1.6 
Mg/0.647Al-0.66Al2O3
d
 - 285 ± 6 8.6 ± 1.2 
    
Mg/0.972Al-0.66Al2O3
q
 182 ± 10 276 ± 08 11.2 ± 1.5 
Mg/0.972Al-0.66Al2O3
d
 - 311 ± 12 10 ± 0.4 
    
Mg/1.298Al-0.66 Al2O3
q
 159 ± 11 255 ± 15 7.1 ± 0.6 
Mg/1.298Al-0.66 Al2O3
d
 - 285 ± 20 7.3 ± 1 
    
Mg/1.950Al-0.66 Al2O3
q
 148 ± 10 233 ± 07 6.1 ± 1.2 
Mg/1.950Al-0.66Al2O3
d
 - 282 ± 17 5.6 ± 1.1 
 
The yield strength of a material is determined by the stress required to move 
existing dislocations in the presence of different types of obstacles. In general, the 
possible mechanisms listed above may interact with each other. Phenomenological and 
statistical approaches have been discussed in literature to account for such synergetic 
effects [16, 17]. Although one may resort to the simplest case of linear superposition, 
the square root sum of squares approach is considered more appropriate when 
superposing individual strengthening mechanisms of similar strength [16]. Then, the 
predicted overall yield strength,   , for the hierarchical nano-composite can be 
expressed as follows [18]: 
 
      √                                 (1) 
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 91 ± 3 239 ± 11 19.8 ± 1.7 
Mg
d
 - 341 ± 10 18.4 ± 1.3 
    
Mg/0.647Al-0.66Al2O3
q
 118 ± 13 358 ± 15 12.7 ± 0.9 
Mg/0.647Al-0.66Al2O3
d
 - 468 ± 21 14.4 ± 0.8 
    
Mg/0.972Al-0.66Al2O3
q
 160 ± 05 431 ± 13 10.6 ± 0.8 
Mg/0.972Al-0.66Al2O3
d
 - 480 ± 24 13.4 ± 0.9 
    
Mg/1.298Al-0.66 Al2O3
q
 148 ± 11 417 ± 13 11.6 ± 2.2 
Mg/1.298Al-0.66 Al2O3
d
 - 465 ± 17 11.7 ± 1.2 
    
Mg/1.950Al-0.66 Al2O3
q
 145 ± 07 428 ± 17 11.5 ± 0.8 
Mg/1.950Al-0.66Al2O3
d
 - 479 ± 12 11.2 ± 0.6 
 
where    is the size-independent yield strength of the Mg matrix,        and       
are the GND strengthening contributions, respectively due to mismatch in coefficients 
of thermal expansion (CTE) and elastic properties between the Mg and composite 
Al+Al2O3 particles,       is the Orowan strengthening,       is the grain size 
strengthening through the Hall-Petch mechanism. Next, we briefly discuss these 
contributions and provide estimates based on the microstructural characteristics. 
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Figure 7.6. (a) Quasi-static and (b) dynamic tensile engineering stress-strain curves for 
hierarchical Mg/Al-Al2O3 nano-composites along with response of 
monolithic Mg. 
 
a) GND strengthening: 
Incompatibilities in plastic deformation may arise within the hierarchical nano-
composite due to the CTE mismatch between Mg and the composite Al+Al2O3 
particles. This may give rise to GNDs from the thermal residual stresses in the 
hierarchical nano-composites. The generation of these dislocations leads to an increase 
in the strength of the material. The strengthening from the CTE mismatch is [18]:  
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  √                 
              (           )
 (3) 
 
where     is the GND density for a temperature excursion T  (the difference between 
extrusion temperature and test temperature) due to the CTE mismatch     between the 
Mg matrix and composite Al-Al2O3 inclusions of effective diameter           (~ 300-
500 nm as seen in the micrographs). In Eq. (2), A is a constant characterizing the 
transparency of the dislocation forest for basal–basal dislocation interaction in Mg (~ 
0.2 for Mg) [18], M ( =6.5) [19] is the mean orientation (Taylor) factor for Mg, and G 
is the shear modulus (=17.3 GPa),     is the magnitude of burgers vector of Mg (= 
0.321nm) [18] and           is the v.f. of composite Al-Al2O3 inclusions in the 
hierarchical composite. To calculate                   , we first need to 




                                     (4) 
 
where             is the v.f. of Al2O3 in the Al,             
      
and              
     .  
Similarly, the GND density due to mismatch in the elastic modulus between 
Mg matrix and composite Al-Al2O3 inclusions is [6]: 
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 (5) 
 
where   is assumed to be the elastic strain at yield (= 0.002). The value of      is 






Figure 7.7. (a) Quasi-static and (b) dynamic compressive engineering stress-strain curves 
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b) Orowan Strengthening: 
The Orowan mechanism that accounts for dislocations bowing between 
obstacles can be an effective strengthening mechanism for inclusions in the sub-
micron to nm regimes. In addition to the particle size, uniform dispersion of particles is 
preferable in order to have more particles to take part in this strengthening mechanism 
[20]. Due to the presence of the composite Al-Al2O3 inclusions of submicron and nm 
size, residual dislocation loops may be formed around each particle after a dislocation 
bows out and bypasses it by means of the Orowan mechanism. These loops may lead 
to high work hardening rates and assist the stability of deformation up to larger strains. 
The contribution to yield strength by Orowan strengthening can be expressed as [18]: 
 
     
      
  
   
         
  




where     is the Poisson’s ratio for Mg and    is the mean inter-particle distance given 
by  
            √
 
          
    [21].  
 
c) Grain size strengthening: 
The Hall-Petch strengthening due to the grain size is [18]: 
 
          
     (7) 
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and     is the average 
Mg grain size (Table 2).  
 
d) Volume fraction effect: 
In the hierarchical nano-composite the load sharing occurs between the 
comparatively softer Mg matrix to the harder composite Al-Al2O3 inclusions provides 
strengthening. This depends on two important parameters, namely, the interfacial 
bonding between the inclusion and matrix, and the v.f. of the inclusion phase. From the 
results, good interfacial bonding exists between Mg and composite Al-Al2O3 particles 
(Figure 7.3). Moreover, it has been established that a low melting point metal is 
capable to wet the high melting point metal [22]. Therefore, this should assist the load 
sharing. However, the second aspect, which is crucial, is the amount of the composite 
Al-Al2O3 inclusions. Given its dilute fraction in all the hierarchical configurations the 
v.f. effect may play only minor, if any, role in contributing to the overall strength of 
hierarchical nano-composite and is neglected in the calculation. 
 
e) Activation of non-basal slip: 
Activation of non-basal slip systems may also be a factor that enhances the 
strength and hardening of hierarchical Mg nano-composites. As observed from the 
FESEM micrograph (Fig. 7.8a) a typical fracture surface of the Mg/0.972Al-0.66Al2O3 
nano-composite shows large serrations compared to the monolithic Mg (Fig. 7.8b) 
indicating non-basal activity [23]. Non-basal slip modes require much larger resolved 
shear stresses compared to the basal slip [15, 23]. The refined grain size in our 
hierarchical composites may provide sites for local high stresses through 
heterogeneities in the form of grain boundaries. Further, composite Al-Al2O3 
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inclusions may also trigger non-basal modes. Our crystal plasticity simulations [24] 
indicate that depending on the grain orientation, presence of an inclusion generates 
high local stresses that are heterogeneous compared to a pure Mg crystal. This in turn 
triggers a significant amount of pyramidal or prismatic activity in a grain. Pyramidal or 
prismatic slip may also get activated owing to lattice reorientation if a grain undergoes 
profuse twinning initially due to local high stresses. Such non-basal activity may result 
in strengthening and hardening even for those grains that may otherwise be 
preferentially oriented for basal slip. The refined grain size is primarily due to the 
initial plastic work during the processing along with the presence of the nano-scaled 
composite Al-Al2O3 that effectively stabilizes the microstructure. The composite Al-
Al2O3 phase may itself be responsible for activation of non-basal slip modes in its 
vicinity [15]. As loading continues, the activation of multiple non-basal slip modes 
likely cause an enhanced interaction between these slip systems leading to an overall 
hardening.  
The contributions of the various above-mentioned strengthening mechanisms 
and the synergetic combination of both the composite Al-Al2O3 particles and pure Mg 
account for the significant improvement in strength of the hierarchical Mg nano-
composites. Using Eqs. (1-7) we estimate the overall strength of the Mg/0.972Al-
0.66Al2O3, which showed the best performance among the configurations considered 
in this work. Table 7.6 summarizes the individual contributions and the range of the 
estimated overall strength. We note that the predicted range of the strength provides 
only a rough estimate based on the approximations of microstructural mechanisms 
mediated by parameters such as                                . However, the 
quantification of some of the individual contributions provides a useful sketch of the 
strengthening mechanisms. Therefore, these estimates may serve to illustrate the 
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theoretically achievable strengthening, provided good control on the microstructure is 
exercised. This will be the focus of our future work.  
 
Table 7.6. Contributions from the strengthening mechanisms to the overall composite 
strength for Mg/0.972Al-0.66Al2O3 hierarchical nano-composite. 
 
Actual Predicted                         Components 






Figure 7.8. Representative FESEM fractographs showing: (a) uneven lines due to combined 
effect of basal and non-basal slip in the case of Mg/0.972Al-0.66Al2O3, and (b) 
straight lines due to slip in the basal plane in the case of pure Mg, respectively. 
 
Dynamic Regime 
Table 7.4 and Table 7.5 list the overall results of ambient temperature dynamic 
tensile and compressive testing of extruded hierarchical Mg/Al-Al2O3 nano-composite 
rods containing different amount of Al along with the response of monolithic Mg. As 
shown in Figures 7.6, 7.7 and 7.9, there is a significant increase in tensile and 
compressive flow stress of hierarchical Mg/Al-Al2O3 nano-composites alongside 
monolithic Mg due to tremendous increase in strain rate which is mostly attributed to 
greater degree of work hardening. Among the different hierarchical Mg/Al-Al2O3 
formulations synthesized, Mg/0.972Al-0.66Al2O3 configuration again exhibits the best 
Results and Discussion 
 
  
Development of Futuristic Magnesium Based Composites     By. Meisam Kouhi Habibi 
 
999 
overall improvement in UTS, and UCS (+26% and +38%) compared to dynamically 
deformed monolithic Mg.  
 
7.7.2.2 Failure Strain 
Quasi-static Regime 
Figure 7.6a (also, Table 7.4) clearly shows the significant improvements in the 
tensile failure strain of the hierarchical nano-composites compared to the monolithic 
Mg with increasing v.f. of Al in the composite Al-Al2O3 particles. It is interesting to 
note, however, that this improvement is not monotonic. For a fixed Al2O3 v.f. within 
the composite particles, the failure strain (FS) of the hierarchical nano-composites 
increase monotonically up to Al amount of 0.972%. Further increase in the Al v.f. 
leads to a drop in the failure strain, when compared to the monolithic Mg. The increase 
in failure strain up to Al amount of 0.972 containing composite particles nano-
composites, compared to the monolithic Mg, may be attributed to: (a) grain refinement 
[32], (b) uniform distribution of composite Al-Al2O3 particles [30], and (c) slip on 
non-basal slip systems (Figure 7.5 ) [23]. The precipitous reduction in the failure strain 
of the combinations with Al amount greater than 0.972% could result from: (i) increase 
in the overall porosity (Table 7.1), (ii) reinforcement clustering (Figure 7.2) and (iii) 
formation of micro cracks under tensile loading (Figure 7.10d - e). 
 
Dynamic Regime 
As listed in Table 7.5 and shown in Figure 7.9, dynamic tensile failure strain in 
the case of monolithic Mg increased compared to it’s quasi-statically counterpart while 
it remained statistically the same in the case of hierarchical Mg/Al-Al2O3 nano-
composites. This increase in tensile failure strain in the case of monolithic Mg due to 
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increased strain rate could be attributed to higher formation of shear band at the last 
stage of deformation. However, the dynamic compressive failure strain of monolithic 
Mg alongside Mg/Al-Al2O3 nano-composites remained statistically the same compared 







Figure 7.9. Mechanical response of Mg alongside hierarchical Mg/Al-Al2O3 nano-
composites: (a) peak stress and (b) failure strain in both quasi-static (Q) 
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7.8 Fracture Behavior  
Figure 7.10 shows the tensile fracture surfaces of the monolithic and 
hierarchical nano-composite Mg samples. The fracture surfaces of the monolithic Mg 
specimens indicate the presence of cleavage steps (Figure 7.10a). However, fracture 
studies conducted on the hierarchical nano-composite specimens (Figure 7.10b – e) 
reveal a mixed failure mode suggesting evidence of plastic deformation modes of the 
Mg matrix that are different from that of monolithic Mg.  
The fracture surfaces observed in monolithic Mg sample predominantly reveal 
the presence of cleavage steps. The presence of cleavage steps indicates the inability of 
Mg to deform significantly under uniaxial tensile loading, characteristic of a low-
symmetry HCP structure of Mg (Figure 7.10a). However, the fracture surface in the 
case of the hierarchical nano-composite samples reveal a mixed mode of failure with 
evidence of ductile plastic deformation such as dimples (Figure 7.10b - e). As in the 
case of strengthening, the transition from a brittle to a mixed mode type of fracture 
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(c) (d)  
 
(e) 
Figure 7.10. Representative FESEM micrographs taken from the tensile fracture surfaces 
showing (a) cleavage steps in pure Mg, mixed fracture mode in (b) Mg/0.647Al-
0.66Al2O3 and (c) Mg/0.972Al-0.66Al2O3, formation of microcrack in (d) 
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The conclusions from the current experimental findings are: 
1. Conventional solid state powder metallurgy technique with rapid microwave 
sintering and hot extrusion can be successfully used to synthesize novel 
hierarchical Mg nano-composites with dilute reinforcement fractions. 
2. Hierarchical Mg microstructures synthesized in the present study exhibit 
reasonably uniform distribution of composite Al-Al2O3 particles for Al v.f. up 
to ~ 1.0% and low porosity suggesting the adequacy of the processing 
methodology. 
3. The presence of a sub-scale composite (i.e. Al-Al2O3 particles) refines the Mg 
grain structure significantly and stabilizes it by providing pinning sites against 
grain growth. 
4. The specific strengths of all the hierarchical Mg composite configurations 
synthesized in this work are significantly higher than the monolithic Mg. Of the 
combinations synthesized, Mg/0.972Al-0.66Al2O3 shows the most impressive 
strengthening of 96% and 80% in the YS and UTS, respectively.  
5. The enhancement in strength may be primarily attributed to the grain size 
refinement and Orowan strengthening mechanisms, although synergetic 
coupling may occur between different strengthening mechanisms as well. 
6. The hierarchical Mg/0.972Al-0.66Al2O3 is significantly more ductile than the 
monolithic Mg. This is attributed to the presence and uniform distribution of 
the Al-Al2O3 particles, matrix grain refinement and activation of non-basal slip 
modes due to local heterogeneities as indicated by post-mortem 
characterization.  
 
Results and Discussion 
 
  




[1] Hassan SF, Gupta M. Development of high performance magnesium nano-
composites using nano-Al2O3 as reinforcement. Materials Science and 
Engineering A 2005;392:163. 
[2] Zhong XL, Wong WLE, Gupta M. Enhancing strength and ductility of 
magnesium by integrating it with aluminum nanoparticles. Acta Materialia 
2007;55:6338. 
[3] Gupta M, Lai MO, Saravanaranganathan D. Synthesis, microstructure and 
properties characterization of disintegrated melt deposited Mg/SiC composites. 
Journal of Materials Science 2000;35:2155. 
[4] Hassan SF, Gupta M. Development of high strength magnesium-copper based 
hybrid composites with enhanced tensile properties. Materials Science and 
Technology 2003;19:253. 
[5] Ferkel H, Mordike BL. Magnesium strengthened by SiC nanoparticles. 
Materials Science and Engineering A 2001;298:193. 
[6] Joshi SP, Ramesh KT. An enriched continuum model for the design of a 
hierarchical composite. Scripta Materialia 2007;57:877. 
[7] Cao B, Joshi SP, Ramesh KT. Strengthening mechanisms in cryomilled 
ultrafine-grained aluminum alloy at quasi-static and dynamic rates of loading. 
Scripta Materialia 2009;60:619. 
[8] Dai LH, Ling Z, Bai YL. Size-dependent inelastic behavior of particle-
reinforced metal-matrix composites. Composites Science and Technology 
2001;61:1057. 
[9] Murr LE. Interfacial phenomena in metals and alloys. Massachusetts: Addison-
Wesley, 1975. 
[10] Reed-Hill RE. Physical metallurgy principles. New York: D. Van Nostrand 
Company, 1964. 
[11] Hassan SF, Gupta M. Effect of length scale of Al2O3 particulates on 
microstructural and tensile properties of elemental Mg. Materials Science and 
Engineering A 2006;425:22. 
[12] Hull D, Bacon DJ. Introduction to dislocations. Oxford: Butterworth-
Heinemann, 2002. 
[13] Gale W, Totemeier T. Smithells metal reference book. Oxford: Butterworth-
Heinemann, 2004. 
[14] ASM metal reference book: Materials Park, 1993. 
[15] P re  P   arc s     de a P. Mechanical properties of a Mg-10 (vol.%)Ti 
composite. Composites Science and Technology 2004;64:145. 
[16] Clyne TW, Withers PJ. An introduction to metal matrix composites. 
Cambridge: Cambridge University Press, 1993. 
[17] Nembach E. Synergetic effects in the superposition of strengthening 
mechanisms. Acta Metallurgica Et Materialia 1992;40:3325. 
[18] Han BQ, Dunand DC. Microstructure and mechanical properties of magnesium 
containing high volume fractions of yttria dispersoids. Materials Science and 
Engineering A 2000;277:297. 
[19] Wong WLE, Gupta M. Development of Mg/Cu nanocomposites using 
microwave assisted rapid sintering. Composites Science and Technology 
2007;67:1541. 
[20] German RM. Powder metallurgy science. Princeton: Metal Powder Industries 
Federation, 1994. 
Results and Discussion 
 
  
Development of Futuristic Magnesium Based Composites     By. Meisam Kouhi Habibi 
 
999 
[21] Kang YC, Chan SLI. Tensile properties of nanometric Al2O3 particulate-
reinforced aluminum matrix composites. Materials Chemistry and Physics 
2004;85:438. 
[22] Eustathopoulas N, Nicholas M, Drevet B. Wettability at high temperatures: 
Elsevier Science, 1999. 
[23] Ansell GS, Cahn RW. Physical metallurgy: North-Holland Publishing 
Company, 1970. 
[24] Zhang J, Joshi SP. Crystal plasticity of Mg composites. unpublished, 2010. 
[25] Yokoyama T. Tensile and compressive properties of wrought magnesium 
alloys at high rates of strain. vol. 110, 2003. p.69. 
[26] Koike J, Kobayashi T, Mukai T, Watanabe H, Suzuki M, Maruyama K, 
Higashi K. The activity of non-basal slip systems and dynamic recovery at 
room temperature in fine-grained AZ31B magnesium alloys. Acta Materialia 
2003;51:2055. 
[27] Neite G, Kubota K, Higashi K, Hehmann F. Magnesium based alloys. 





Results and Discussion 
Synthesis of Hierarchical Mg Nano-
Composites Containing Composite Al-
Al2O3 particles with Different Al2O3 




Publications derived from this chapter is: 
 
1. Meisam K. Habibi, Shailendra P. Joshi and Manoj Gupta, “Size Effects in Hierarchical 
Magnesium Nano-Composites”, Material Science and Engineering A, under review, 2012.  
Results and Discussion 
 
  




Results and Discussion 
Synthesis of Hierarchical Mg Nano-Composites 
Containing Composite Al-Al2O3 particles with Different 
Al2O3 Content and Length Scale 
8.1 Processing 
Motivated by the significant enhancement in both strength and ductility of Mg 
achieved through integration with composite Al-Al2O3 particles and available 
microstructural degrees of freedom, we made an attempt in this study to change the 
content and length scale of Al2O3. Due to inherent nature of ball milling we may get 
different Al-Al2O3 particles in terms of size and surface energy if we change the 
fraction and length scale of the constituent which is finer and harder. In this work, we 
choose to systematically vary the Al2O3 content within Al in terms of its length-scale 
and v.f. keeping the Al v.f. constant. Specifically, we consider three Al2O3 v.f.’s, 
                      within Al and for each    we vary the Al2O3 size,   = 
50nm, 300nm and 1µm (Table 8.1). The results of microstructural, physical and 
mechanical properties of synthesized materials are shown in detail in the following 
sections. Table 8.1 consolidates the nomenclature adopted for different hierarchical 
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Macrostructural characterization conducted on the as-sintered billets revealed 
absence of macrostructural defects such as circumferential or radial cracks. Following 
extrusion, no observable macroscopic defects were observed on the surfaces of the 
monolithic Mg and hierarchical composite rods.  
 
8.3 Density Measurements 
The results of density measurement are shown in Table 8.1. The experimental 
and theoretical values of the densities of the hierarchical nano-composites were found 
to be almost identical. This indicates that near-dense hierarchical Mg nano-composites 
can be obtained using the fabrication methodology adopted in the present study. As 
listed in Table 8.1, porosity of    and    nano-composites families are small. Further 
increase in Al2O3 content of composite particles beyond 0.66 v.f. leads to increase in 
porosity in the case of     family. It is noted that in all the cases the porosity values 
are independent of     
 
8.4 Microstructural Characteristics 
Figure 8.1 shows scanning electron microscopy (SEM) images of the 
   family of the H-configs. Several interesting features of the distribution of the Al-
Al2O3 particles within Mg matrix are revealed. Firstly, it is consistently evident from 
the figures that the Al-Al2O3 particles tends to form a networked structure within the 
Mg matrix rather than uniform dispersion and the average cell size formed by this 
networked structure is in the range of about 30-40 microns. Our materials 
characterization indicates that the starting Mg particle sizes which were ~ 60-
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300    underwent a size refinement (~ 20-50   ) during processing. It may indicate 
that the Al-Al2O3 particles tend to decorate the Mg particle boundaries during the 
processing. Further, while such a networked structure of the Al-Al2O3 particles is 
reasonably distributed within the Mg matrix for hierarchical configurations with Al2O3 
v.f.      of 0.22% and 0.66, reinforcement clustering occurs for the hierarchical 
configurations with           (Figure 8.1c). The trend of more clustering with 
   exists for all the Al2O3 sizes (    ) investigated here (Table 8.1) and is concomitant 
with increased porosity. This indicates reduced effectiveness of the adopted extrusion 
process in achieving near-theoretical density (Table 8.1) compared to its lower 
   counterparts. Figure 8.2a-c show typical Al-Al2O3 particles within different 
hierarchical configurations. It is evident that the ball milled reinforcement comprises 
Al (gray scale) are speckled with Al2O3 (white) particles, meaning that the alumina 
particles reside entirely in the Al and are not transferred to the Mg matrix during 
processing. The Al-Al2O3 particle size              appears to be dependent on    and 
is in the range of 5                  for           , respectively.  
Consistent with our previous work, the average Mg grain size in the case of all 
the hierarchical configurations is significantly smaller compared to the pure Mg (Table 
8.2). Although, the Mg grain size seems to be smaller for smaller     in different 
hierarchical configurations, they are all within the experimental scatter. Also, the Al-
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  Al        Al2O3 
Mg -              -   1.7400 1.7379 ± 0.005 0.12 
      
Mg/0.972Al-0.22Al2O3 (1.00μm) 0.972      0.220   
  1.7542 1.7526 ± 0.010 0.09 
Mg/0.972Al-0.22Al2O3 (0.30μm) 0.972      0.220   
  1.7542 1.7526 ± 0.003 0.09 
Mg/0.972Al-0.22Al2O3 (0.05μm) 0.972      0.220   
  1.7542 1.7531 ± 0.008 0.06 
      
Mg/0.972Al-0.66Al2O3 (1.00μm) 0.972      0.660   
  1.7642 1.7631 ± 0.015 0.06 
Mg/0.972Al-0.66Al2O3 (0.30μm) 0.972      0.660   
  1.7642 1.7630 ± 0.006 0.07 
Mg/0.972Al-0.66Al2O3 (0.05μm) 0.972      0.660   
  1.7642 1.7633 ± 0.020 0.05 
      
Mg/0.972Al-1.11Al2O3 (1.00μm) 0.972      1.110    
  1.7743 1.7681 ± 0.021 0.35 
Mg/0.972Al-1.11Al2O3 (0.30μm) 0.972      1.110    
  1.7743 1.7688 ± 0.013 0.31 
Mg/0.972Al-1.11Al2O3 (0.05μm) 0.972      1.110    








Mg Grain Size  
(μm) 
Aspect Ratio 
  19 ± 4 1.5 ± 0.3 
   
  
  11 ± 3 1.8 ± 0.3 
  
  10 ± 4 1.6 ± 0.5 
  
  9 ± 2 1.7 ± 0.6 
   
  
  10 ± 2 1.7 ± 0.6 
  
  9 ± 4 1.6 ± 0.3 
  
  8 ± 4 1.7 ± 0.4 
   
   
  9 ± 2 1.5 ± 0.4 
   
  9 ± 3 1.5 ± 0.3 
   
  8 ± 3 1.8 ± 0.6 
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Figure 8.1. Representive micrographs showing distribution of composite Al-Al2O3 particles 
through the matrix in: (a)  
 , (b)   
  and (c)    
  hierarchical nano-
composites. 
 
8.5 X-Ray Diffraction Studies 
Figure 8.3 shows the results of the X-ray diffraction (XRD) analyses conducted 
on the monolithic Mg and the hierarchical configurations. The results do not capture 
the presence of Al and Al2O3 phases, which may be attributed to the diluteness of the 
Al-Al2O3 particles fraction in all the hierarchical configurations. The presence of MgO 
phase is sporadic and is not expected to influence the mechanical properties. As 
indicated in the figure, the XRD analysis helps index the basal           and prismatic 
      ̅    planes in the different hierarchical configurations. The magnitudes of the 
peaks approximately represent the fraction of basal and prism planes for the given 
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material [1] and they appear to depend on           (through   ) and   . However, as 
the peaks in the XRD analysis may not fully reflect the textural details [2], we also 







Figure 8.2. High resolution micrographs of: (a) Al-Al2O3 (1.00μm), (b) Al-Al2O3 (0.30μm) 
and (c) Al-Al2O3 (0.05μm) level-I composite particles showing coexistence of Al 
and Al2O3. 
 
8.6 Texture analysis 
Figure 8.4 is a collage of       ̅    and           pole figure analysis 
performed on the pure Mg and hierarchical configurations measured. Figure 8.4a 
shows the expected schematic of the crystallographic directions for an extrusion 
process.  
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Figure 8.3. Representative XRD spectra of sintered and extruded: (a)   , (b)   , and 
(c)    hierarchical nano-composites 
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Basal           Prism       ̅      
  
 
 (b)   
   
Basal           Prism       ̅    Basal           Prism       ̅     
     
      
(e)    
  (d)   
  (c)   
  
   
      
(h)    
  (g)   
  (f)   
  
   
      
(k)    
  (j)   
  (i)   
  
Figure 8.4. (a) Schematic of the approximate crystal arrangements with reference to the extrusion 
direction (shown by ). (b)       ̅    and           pole figures of the as –extruded pure 
Mg, and (c-k) corresponding  pole figures for hierarchical configurations. The legend 
shows the measure of the texture strength. 
 
Figures 8.4b-k show the prismatic       ̅    and basal           pole figures of 
the cross-sections of the control and hierarchical configurations perpendicular to the 
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extrusion direction (ED). In general, all the pole figures including that of the pure Mg 
show a consistent result expected for extruded Mg, which is signified by a stronger 
prismatic texture relative to its basal counterpart [3]. Compared to the pure Mg, the 
hierarchical configurations exhibit even stronger prismatic textures and weaker basal 
textures. With reference to Figures 8.4a, a stronger prismatic texture means that the c-
axis of majority of the grains are oriented in a manner that strongly favors c-axis 
compression under ED tension and c-axis tension under ED compression. A closer 
look at Figures 8.4c-k reveals that the degree of overall textural changes between the 
hierarchical configurations depends on    and   , i.e. the size and v.f. of Al2O3 
reinforcement within the Al-Al2O3 composite particles. Indeed, for a given   , the  
  
formulations (i.e. smallest   ) exhibit stronger prismatic textures compared to their  
  
          and  
              configurations. For instance,   
  (Figures 8.4i) 
shows a stronger prismatic texture relative to   
  (Figures 8.4f) which in turn exhibits a 
stronger prismatic texture than   
  (Figures 8.4c). Likewise, for a fixed   , a 
higher    also produces results a stronger prismatic texture (e.g. 
compare  
    
        
 ).  
 
8.7 Mechanical Behaviour 
Figures 8.5a and b (Tables 8.3 and 8.4) respectively show the overall tensile 
and compressive stress-strain responses of the hierarchical configurations together 
with the pure Mg when loaded along ED. The results for each configuration are an 
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  109 ± 08 164 ± 09 7.4 ± 3.0 
    
  
  153 ± 06 231 ± 08 6.3 ± 0.7 
  
  160 ± 08 237 ± 02 6.6 ± 1.7 
  
  161 ± 08 243± 09 8.8 ± 0.5 
    
  
  163 ± 04 228 ± 09 6.0 ± 0.1 
  
  161 ± 07 240 ± 06 7.1 ± 0.7 
  
  175 ± 09 276 ± 09 10.1 ± 0.6 
    
   
  168 ± 05 225 ± 05 5.8 ± 0.3 
   
  149 ± 08 221 ± 10 5.3 ± 0.4 
   
  164± 06 232 ± 11  3.9 ± 0.5 
 










  106 ± 06 278 ± 15 17.0 ± 1.8 
    
  
  144 ± 10 426 ± 06 9.4 ± 0.6 
  
  151 ± 11 494 ± 11 8.3 ± 1.3 
  
  155 ± 10 523 ± 06 12.6 ± 1.4 
    
  
  160 ± 11 429 ± 15 7.9 ± 2.1 
  
  158 ± 03 419 ± 11 9.3 ± 1.7 
  
  164 ± 10 510 ± 05 10.2 ± 1.4 
    
   
  153 ± 04 421 ± 21 8.8 ± 2.3 
   
  130 ± 09 413 ± 12 11.3 ± 0 6 
   
  132 ± 09 431 ± 04 12.4 ± 1.0 
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Figure 8.5. True stress-true strain curves for monolithic Mg and all hierarchical nano-
composite specimens in the case of (a) tension and (b) compression. 
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1. The tensile and compressive yield strengths (0.2% proof stress) of all the 
hierarchical configurations are substantially better than the response of the pure 
Mg, indicating a definite size-effect. This is consistent with our previous work [1], 
which focused on different Al v.f.’s within Al-Al2O3 composite keeping    and    
constant. This result indicates that strong hierarchical Mg nano-composites can be 
engineered by appropriately varying the v.f. and sizes of the Al-Al2O3 ingredients. 
2. The tensile responses of hierarchical configurations exhibit an interesting pattern. 
Within the different hierarchical families (  
    
    
 ) those with the smallest 
Al2O3 particles (i.e. the    family, green curves) show consistently better 
responses compared to those with larger Al2O3 particulates within the Al-Al2O3 
composite. Further, for all   
  , the    microstructures that possess intermediate    
exhibit overall stronger responses than the    (lowest   ) and    (highest   ) 
microstructures. Consequently, the   
  microstructure emerges as the best 
performer.  
3. On the other hand, the compressive responses of all the hierarchical 
configurations are nearly the same (Figure 8.5b). The negligible variation in the 
compressive responses suggests that the Al-Al2O3 composite particles content and 
size does not mediate the microscopic deformation characteristics either directly 
or indirectly. The tensile and compressive responses show the classic asymmetry 
in that the latter exhibit the well-known sigmoidal behaviour characterized by 
tensile twinning. 
4. The tensile failure strain   
  of the hierarchical configurations appears to be 
   dependent. For those with micron/sub-micron Al2O3 within the Al-Al2O3 
particles,   
  is compromised compared to the pure Mg, while it is enhanced in the 
case of hierarchical configurations with nano-scale reinforcement within the Al-
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Al2O3 particles. However, for all the synthesized hierarchical nano-composites, 
compressive failure strain   
  is compromised compared to monolithic Mg and this 
is independent of Al-Al2O3 particles v.f. and length scale 
(                        ).  
In general, the    family is attractive in terms of the overall strengths and 
failure strains compared to other formulations. Interestingly however, they also possess 
relatively higher tension-compression asymmetry compared to the other hierarchical 
configurations (Figure 8.5). In terms of the v.f., the weaker response of the    family 
is intriguing, because one would have expected them to perform the best from the 
viewpoint of the synergistic effects due to particle size and v.f. In the following 
section, we discuss the possible reasons behind these similarities and differences 
between the hierarchical configurations responses within the context of the 
microstructural characteristics. 
Given the dilute range of composite particles v.f., the impressive enhancement 
in the mechanical responses of all the hierarchical configurations, especially the yield 
strengthening, must have microstructural underpinnings that do not rely on load 
transfer mechanism-based strengthening. Some of the important mechanisms that may 
be responsible for this size-dependent behaviour are: (a) grain size effect [4, 5], (b) 
geometrically necessary dislocations (GNDs) arising from thermo-elasto-plastic 
mismatch between the Al-Al2O3 particles and Mg [6, 7], (c) Orowan strengthening [5, 
8], and (d) crystallographic texture effect [9-11]. While we have discussed the relative 
importance of the first four contributions in our previous work [1], the last contribution 
needs some additional information in the form of texture. However, we briefly discuss 
contributions from all these individual mechanisms to the strengthening of the 
hierarchical configurations reported in this work. As the compressive responses of all 
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the hierarchical configurations are nearly the same, we focus mainly on the variability 
observed in the tensile responses.  
 
Grain size contribution: 
As indicated in Table 8.2, all the hierarchical configurations possess average 
Mg grain size     that is nearly half that of the pure Mg. Therefore, the grain size 
effect through Hall-Petch (H-P) contribution must prevail in the hierarchical 
configurations. Indeed, compared to the control specimen, the hierarchical 
configurations show much higher tensile and compressive strengths, some of which 
should originate from the grain size effect. However, all the hierarchical configurations 
possess nearly the same      (Table 2) and therefore, we can expect them to possess 
nearly the same H-P contribution. Therefore, the variability in the tensile yields 
strengths of the hierarchical configurations cannot be explained through the grain size 
argument. It may have underpinnings from the particle size effect and/ or texture, 
discussed next.  
 
Level-I size effect: 
 In the present hierarchical microstructures, two types of strengthening 
mechanisms may prevail from the size of the Al-Al2O3 inclusions: (a) Orowan 
strengthening, and (b) GND strengthening. The contributions from these mechanisms 
are different in all the hierarchical configurations, because their effective 
             are different (Figure 8.2a-c) while their v.f.’s           are only marginally 
different (arising from dilute changes in   ; see Table 1). Therefore, the Orowan and 
GND mechanisms [1] are responsible for the observed variation in the tensile 
strengthening between the different hierarchical configurations.  
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Effect of particle size on crystallographic texture: 
Figure 8.4 provides a collage of       ̅    and           pole figures for the 
pure Mg and hierarchical configurations measured with a complete circle over the 
rotation angle ς (0-360◦) and with fixed tilt angles α over a range between 0◦ and 80◦ 
with increments of ∆ς = 10◦ and ∆α=5◦, respectively. Figure 8.4a shows the schematic 
of the typical crystallographic basal orientation arising from an extrusion process [9]. 
Figures 8.4b-k show the prismatic       ̅    and basal           pole figures of the 
cross-sections of the Mg and hierarchical configurations perpendicular to the ED. In 
general, all the pole figures including that of the pure Mg show a consistent result 
expected for extruded Mg, which is signified by a stronger prismatic texture relative to 
its basal counterpart [3]. Compared to the pure Mg, the hierarchical configurations 
exhibit stronger prismatic textures and weaker basal textures. With reference to Figure 
8.4a, a stronger prismatic texture means that the c-axis of majority of the grains are 
oriented in a manner that strongly favors c-axis compression under ED tension and c-
axis tension under ED compression. This is also consistent with the nature of the 
corresponding stress-strain curves in Figure 8.5a and b, respectively.  
A closer look at Figure 8.4c-k suggests that the degree of overall textural 
changes between the hierarchical configurations is affected by    and   , i.e. the size 
and v.f. of Al2O3 reinforcement within the Al-Al2O3 particles. For a given   , the  
  
(i.e. smallest   ) textures seem to have stronger prismatic textures and weaker basal 
textures compared to their              and  
              counterparts. For 
instance,   
  (Fig. 7i) shows a stronger prismatic texture relative to   
  (Figure 8.4f) 
which in turn exhibits a stronger prismatic texture than   
  (Figure 8.4c). Likewise, for 
a fixed   , a higher    also produces results a stronger prismatic texture (e.g. 
compare  
    
        
 ).  
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In terms of the tensile stress-strain responses, the    family members that have 
relatively stronger prismatic textures than the    and   families, exhibit an overall 
stronger response in tension (Figure 8.5a). The underlying mechanism for this 
behavior is that a stronger prismatic texture dampens basal activity and necessitates 
activation of the harder non-basal slip systems (prismatic     and pyramidal   
  ) under ED tension. This suggests that finer    and larger    should provide 
improved strengthening and ductility under ED tension through its effect on the 
texture. Referring again to Figure 8.5a, we observe that while this trend appears to be 
generally true, it is not the    
  (finest    and highest   ) that provides the best 
response; instead, it is the   
  (finest    and intermediate   ) that performs the best in 
tension. Although the textural details of the     family is similar to  
 , their responses 
are comparable to the responses of the    family that possess relatively weak prismatic 
textures. A natural question arises as to why be it so? A plausible explanation lies in 
our previous observation that the H-configs with           tend to agglomerate the 
Al-Al2O3 inclusions (Figure 8.1c) together with higher porosities (Table 8.1). These 
tendencies likely hurt the tensile response of the    microstructures in general and 
   
  configuration in particular, which otherwise should have performed the best from 
a strength viewpoint. We note in passing that non-basal slip has been reported to 
improve the tensile ductility in Mg [12] and we observe the same for the  
  and  
 . 
An overarching question is – why and how do the Al2O3 particles affect the 
initial textures of the hierarchical configurations? The Al2O3 particles are embedded 
within the Al phase (Figure 8.2) and therefore, it is not obvious as to why they should 
mediate the composite textures in a size-dependent manner. At this point, we do not 
have a definitive answer to this question and there is paucity of literature on systematic 
investigations on the role of nano-scaled reinforcements in textural strengthening. One 
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interesting result is that of Garceś et. al [13] who investigated the role of yttria particle 
size and v.f. on the response of Mg composites synthesized using powder metallurgy 
and extrusion. The particle sizes were in the microns range and the particle v.f. ranged 
from 5-20%, both of which are somewhat larger than the hierarchical configurations 
considered here (except for   configs that have Al2O3 size of 1   ). Also, the grain 
sizes in their Mg composites were in the range of ~ 2-4    compared to ~ 8-10    in 
our hierarchical configurations. Notwithstanding these quantitative differences in the 
microstructural sizes, it is useful to compare the present results with theirs. 
Interestingly, unlike our results, they observed a decrease in the fiber texture with 
decreasing particle size and increasing particle v.f. They reported a decrease in the 
tension-compression asymmetry because of decrease in the tensile yield strength. They 
suggested particle-stimulated nucleation (PSN) and recrystallization of the Mg matrix 
as a likely reason for increased randomization of the texture with increasing particle 
v.f. and decreasing size. In comparison, our results show a diametrically opposite 
observation in that the fiber texture appears to be stronger with decreasing particle size 
and increasing v.f (Figure 8.4). One possible explanation for the weakening of the fiber 
texture in Garces et. al’s composites is that the tensile twinning mode is difficult to 
activate during extrusion when the grain growth during recrystallization is suppressed 
by inclusions [14, 15]. However, unlike Garceś et al, given the relatively large grain 
size, we posit that the twinning mode may still be active and induce fiber textures in 
the hierarchical configurations. Very recently, He et. al [16] have reported that the 
fiber texture in Al-SiCp composites decreases with increasing particle v.f. for particle 
sizes in the range of a micron, but increases when the particle sizes are in the tens to 
hundreds of nm. In our case, the   and   configs possess particles that are in the 
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nanoscaled to submicron range and our results seem to be qualitatively consistent with 
He et. al’s observations on Al composites.  
 
Conclusions 
The conclusions from the current experimental findings are: 
1. The Mg grain size was found to be nearly the same in all the hierarchical 
configurations with different Al2O3 length scale and content.  
2. The known relevant size-effect arising from Mg grain size refinement was 
expected to produce similar contributions in the tensile responses of the 
different hierarchical configurations while size effects arising from GND and 
Orowan strengthening from the different Al-Al2O3 particles size and v.f. were 
all expected to produce different contributions. 
3. The manner in which the Al-Al2O3 particles length-scales influenced the 
overall behavior is also by systematically modulating the texture, which was 
hitherto unexpected.  
4. Texture plots may not reveal the underlying non-uniformity in the 
reinforcement distribution, but the latter could overwhelm strengthening that 
can be achieved from the former. 
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CHAPTER 9:  
Overall Conclusions and Recommendations 
9.1 Overall Conclusions 
In this thesis, we presented systematic experimental investigation of the 
microstructurally mediated responses of hierarchical Mg nano-composites subjected to 
quasi-static and dynamic, monotonic tension and compression. Of the several pertinent 
microstructural degrees of freedom, we varied the type, size and volume fraction of the 
inclusions within the composite reinforcement. A novel and unexpected result that 
stemmed from this investigation was that the type, size and volume fraction of the 
inclusions within the composite reinforcement with Al as the matrix remarkably affect 
the tensile and compressive responses of hierarchical configurations. In this thesis, 
chapters 4-8 document in details the findings pertaining to Mg composites or nano-
composites reinforced with either ball milled or composite reinforcements. At the end 
of these chapters, there are separate detailed conclusions. Here, overall major 
conclusions in view of the conceptual development of Mg composites are given as 
follows: 
1. Reinforcement ball milling exhibited considerable improvement in 
physical and mechanical characteristics of the synthesized composites. Composites 
containing ball milled particles revealed smaller average matrix grain size as well as 
much better mechanical response compared to composites containing as-received 
particles. The observed difference was mainly attributed to the different nature of as-
received and ball milled particles in terms of size, surface energy and number in a 
fixed volume fraction. As-received and ball milled particles could influence the 
performance of a composite, differently, directly via geometrically necessary 
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dislocation (GND) and Orowan strengthening or indirectly via grain size refinement 
and textural evolution.  
2. Motivated by the efficacy of ball milling process in preparation of 
reinforcement, composite Al-CNT particles obtained from ball milling of Al and CNT 
was embedded in Mg matrix. Considerable enhancement in mechanical response was 
achieved compared to a composite reinforced solely by CNT even when synthesized 
via the same route. Among the synthesized composites, hierarchical Mg/1.00Al-
0.18CNT configuration exhibited the best performance. Our research also revealed that 
the microstructural degree of freedom available in a hierarchical microstructure is 
influential in observed mechanical response. Regarding hierarchical Mg/Al-CNT 
nano-composites, we went further, to synthesize a composite with much better 
response by changing the CNT content of composite Al-CNT particles and we found 
the hierarchical Mg/1.00Al-0.30CNT configuration as the best one. 
3. Based on the observed efficiency of hierarchical nano-composites and 
considering the available microstructural degree of freedom, we replaced the CNT 
with nano-sized Al2O3. The presence of sub-scale composite (Al-Al2O3 particles) again 
refines the Mg grain structure significantly and improved the mechanical performance 
of Mg significantly even beyond hierarchical Mg/Al-CNT nano-composites. Among 
the synthesized composites, Mg/0.972Al-0.66Al2O3 hierarchical configuration 
outperformed the others. Interestingly, it was also observed that available 
microstructural degree of freedom namely: volume fraction and length scale of 
reinforcement constituent are influencing the mechanical response of hierarchical 
Mg/Al-Al2O3 nano-composites. However, we could not go further and beyond the 
observed mechanical improvement in the case of Mg/0.972Al-0.66Al2O3 nano-
composite. 
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9.1 Recommendations for Future Work 
Considering the scope of this thesis in development of Mg composite with 
enhanced mechanical response, following recommendations are given for future work 
to further improve the mechanical response of Mg composites. 
 
1. Optimizing the processing parameters of powder metallurgy route in order 
to minimize the reinforcement clustering in formulations containing ball 
milled reinforcements > 2 vol. %. 
2. Replacing Al (the matrix of composite reinforcement) with another metallic 
element whose compatibility with Mg has been established, previously. 
3. Synthesizing the developed composites, via different processing routes. 
4. Characterization of synthesized composites in terms of different mechanical 
and physical properties such as creep, fatigue and corrosion. 
 
